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ABSTRACT

The access of 1.2-40 MeV protons and 0.4-1.0 MeV electrons from
interplanetary space to the polar cép regions has béen investigated with

an experiment on board a lTow altitude, polar orbiting satellite (0G0-4).

A total of 333 quiet time observations of the electron polar cap
boundary give a mapping of_the boundary between open and closed geomag-
netic field Tines which is an order of magnitude more comprehensive than

previously évailab]e.

Persistent features (north/south asymmetries) in the polar cab pro-
ton flux, which are established as normal during solar proton events,
are shown to be associated with different flux levels on open geomagnetic
field lines than on closed field lines. The pole in which these persis-
tent featd?es are observed is strongly correlated to the sector striicture
of the interplanetary magnetic field and uncorrelated to the north/south
component- of this field. The features were observed in the north (south)
pole during a negative (positive) sector 91% of the time, while the
solar fie]d had a southward component only 54% of the time. In addition,
changes in the north/south component have no observable effect on the

persistent features.

Observations of events associated.with co-rotating regions of en-

hanced proton flux in interplanetary space are used to establish the
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characteristics of the 1.2-40 MeV proton access windows: the access win-
dow for low polar latitudes is near the earth, that for one high polar
~latitude region is 250 Rg behind the earth, while that for the other
high polar lafitude region is 1750 R9 behind the earth. A1l of the
access windows are of approximately the same extent (&120 Rm). The fol-
Towing phenomena contribute to persistent polar cap features: 1im1ted
interp]anetary regions of enhanced flux propagating past the earth,
radial gradients in the interplanetary flux, and anisotropies in the

interplanetary flux.

 These results are comparéd to'the particle access predictions of
the distanf geomagnetic tail configurations proposed by Michel and Dessler,
Dungey,‘and Frank. The data are cdnsistent with neither the model of
Michel and Dessler nor that of Dungey. The model of Frank can yield a
consistent acceﬁs window configufation provided the following constraints
are satisfied: the merging rate for open field 1lines at one polar neu-
tral point must be 5 times that at the other polar neutral point, re-
Tated to the solar magnetic field configuration in a consistent fashion,
the migfation time for open field lines to move across the polar cap
region must be the same in both poles, and the open field line merging
rate at one of the polar neutral points must be at Teast as 1érge as
that required for almost all the open field lines to-have merged in
o(one hour). The possibility of satisfying these constraints is investi-

gated in some detail.

The role played by interplanetary anisotropies ih the observation
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of persistent polar cap features is discussed. Special emphasis is given:
to the problem of non-adiabatic particle entry through regions where the
magnetic field is changing direction. The degree to which such particle
entry can be assumed to be nearly adiabatic is re]ated to the particle
rigidity, the angle through which the field turns, and the rate at which
the field changes direction; this relationship is established for the

case of polar cap observations.



viii

TABLE OF CONTENTS

I. INTRODUCTION

IT. INSTRUMENT
yertica1.Te1escope
Horizontal Telescope
Electronics and Data Formatting

Thresholds and Calibrations
III. SATELLITE
IV. DATA ANALYSIS

V. OBSERVATIONS
Electron Observations
Proton Observations
EDP Event of 1 December 1967
Solar Flare Event of 2 November 1967

Comparison of Electron and Proton Observations

VI. BACKGROUND
Interplanetary Environment

Geomagnetic Field and Magnetic Merging

n
14
17

30
39

47
47
53
57
70
76

86
86
92



ix

VII. DISCUSSION

Electron Polar Cap

Access of 1.2-40 MeV Protons
EDP Events
Flare Events

Models of the Distant Geomagnetic Field Configuration
Closed Magnetospheric Configuration -- MODEL A
Magnetic Merging at tHe Sub-solar Point -- MODEL B
Magnetic Merging at the Polar Neutral Points -- MODEL C

Interplanetary Anisotropies

.VIII. CONCLUSIONS

APPENDIX A: Addjtiona] Observations

. APPENDIX B:‘Partic1e Trajectories in a Turning Magnetic Field

APPENDIX C: Magnetic Merging at the Polar Neutral Points
Assumptions
~ Assumption A

Assumption B

Assumption C
Derivation of Merging Rates -- General
Assumption A
Assumption B
Assumption C

- Results

REFERENCES

104
105
107
114
120
122
123
129
132
143

149
154
192

207
209
216
219
220
221
228
235
240
244

256



‘I. INTRODUCTION

An investigation of the physical processes involved in the access
of low energy particles from interplanetary spacé into the interior of
the earth's magnetic field is of special significance to several geo-
physical and astrophysical questions. Such an investigation bears
directly on thé question of the configuration of the distant geomagnetic
field and the relation between this field and the polar cap region. A
definition of this configuration is perhaps the only means available for
the determination of the degree to which magnetic field merging plays a
role in the interaction between solar and terrestrial plasmas and mag-
netic fields. Constraints placed on the extent of magnetic merging in
this interaction would have far-reaching implications for other phenomena
involving solar magnetic fields and for some phenomena involving galactic

magnetic fields.

Sinée the discovery, in 1964 [1], that the solar wind distorts the
- geomagnetic field to the extent of forming a "tail" in the anti-solar
direction, there has been a good deal of speculation concerning the con-
figuration of the magnetic field in this tail at large distances from
the earth. The models which have been presented for this configuration?
by Dungey (1961) [2], Dessler (1964) [3], and Frank (1971) [4] differ in
their estimates of the length of the tail by one or two orders of magni-

tude. As Dessler pointed out, charged particle observations in the polar



caps constitute one of the most efficient and appropriate means of deter-
mining the structure of the distant geomagnetic field, since it is not
practical to use satellite-born magnetometers to map this structure in

detail.

Since the fundamental theoretical difference between the three
models of the distant geomagnetic field is the assumption made about the
extent and/or mechanism by which the solar and terrestrial fields merge,
a resolution of questions concerning the configuration of the distant
field can have a direct bearing, through these models, on the question
of whether magnetic field merging is a significant process in the inter-
action between the solar wiﬁd and the geomagnetic field. Since it hasr
been suggested that magnetic field merging may play an important role in,
for instance, the generation of solar [5] and/or galactic [6] flares, a
determination of the possibility or impossibility of magnetic merging in
astrophysical plasmas, even over a limited range of plasma parameters,
would be QUite significant. The interaction between the solar wind
plasma and the geomégnetic field is the only readily available system

for which this can be determined.

A1though charged particle measurements cannot determine the extent
of magnetic merging directly, they can lead to the establishment of con-
straints to be placed on magnetospheric models. Sevéra1 studies have |
been conducfed with this goal in mind. Observations of >50 keV and
>20 keV electrons in the magnetotail have been interpreted by Van Allen
[7,8] and Anderson and Lin [9] as evidence that these electrons gain

access to the magnetotail along geomagnetic field 1ines which are



connected to the interplanetary field. These results have, however, been
interpreted differently by Michel and Dessler [10], who have modified the
closed field configuration model (e.g. no merging) to account for these
electron observations. In any case, the mode of access for >1 MeV pro-
tons may be quite different than that for >50 keV electrons, owing to the
large differences in magnetic rigidity (®0.05 MV for the electrons vé.
~100 MV for the protons) and velocity (0.43c (e]ectrons) ve. 0.046¢c (pro-
tons)). The observation by Evans and Stone [11] of a large north/south
difference in the proton polar cap flux lasting for more than twenty

hours showed that the question of proton access was still unresolved.

Prior to the observations reported by Evans and Stone [11], some
evidence of structure in observed pola} cap proton fTuxes was available
[12-21], but the observations were too sparse to lead to comprehensive
analysis. Since this preliminary report,_sévera] observations of per-
sistent north/south asymmetries have been reported [22-26], and several |
of the most recent (Englemann, et al. [24], Van Allen, et al. [25], and
Morfill and Quenby [26]) have been interpreted in the context of the
Dungey open field configuration, relating the north/south polar cap flux
~differences to interp]anetary flux anisotropies. Van Allen, et al. [25],
for instance, report observations which seem to follow this relationship
closely, but only for a period of about six hours during one solar flare
event. This emphasizes a limitation which is common to all the previous
observations cited above: none of these studies deal with observations
from more than‘two events. Results obtained from the analysis of only

one or two flare events are subject to the severe limitation that the
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solar and.interp1anetary parameters which determine the behavior of the
particle flux near the earth can vary significantly from one solar flare
event fo the next. Thus, although it is now well established that large
scale structure in the polar cap flux of low energy protons is not un-
common, aside from the indications that interplanetary flux anisdtropies
play a role in the observations of north/south asymmétries, the relation-
ship between polar cap fluxes and interplanetary particle fluxes is still

unresolved.

~ The high time, energy, and flux resolution of the data presented
in this\thesis make them particularly appropriate to an investigation of
low energy chargéd particle access to the polar caps. As suggested by
Vampola [27]; Tow rigidity electron observations can be used to map the
geomagnetic tail field Tlines onto the polar caps in order to determine
the polar cap boundary between open and closed geomagnetic field lines;
the 333 observations of this boundary reported here Wii] result in a
much more_comprehénsive mapping than the 25 such obsérvations previously
available [27]. The proton observations reported herein differ from the
observations cited above in at least two important éspects: (1) the avail-
'abiiity of data throughout an eighteen month period has resulted in the
compilation and analysis of fifty-four solar proton events rather than
one or two, and (2) some of these events represent the first polar cap
observations of fluxes associated with regions of enhancéd flux in
interplanetary space which are co-rotating past the earth. These obser-
vations will be interpreted in terms of the locations of the access

windows for 1.2-40 MeV protons for the different regions of the polar



caps. The configuration of these access windows will then be related to
the magnetospheric models mentioned above, and hence to the question of

magnetic field merging.



IT. INSTRUMENT

The detector systeﬁ used in this study consists of two independent
particle telescopes, each designed (a) to optimize charge and energy
resolution within a range of incident particle energies, and (b) to be
sensitive and.operéble over a wide range of incident particle fluxes.
Because of their orientations on the spacecraft (see Section III), these
telescopes are referred to as the vertical telescope and the horizontal
te]éscope.‘ Méasurements consist of the counting rates, energy loss, and

range of incident particles [28].

Thg'rapid motion of a polar orbiting sateTTite with respect to the
geomagnetic field subjects a detector system on board to rapid f]ﬁctua-
tions in incident f]uxeé; due to changing geomagnetic cutoffs and trapped
particles. This tends to place an upper limit on the sampling period for
the varidus rates monitored by the system. In order to obtain adequate
resolution of these fluctuations, the rates for this experiment were
averaged over a maximum of 288 msec, during which time the spacecraft
will have moVed, typically, 1.1 minutes in latitude. Although this
averaging rate represents the situation for the bulk of the data re-
ported here (data which were collected on the on-board tape recorder),
when the spacecraft telemetry was in the real time mode the averaging
time is either 72 msec or 18 msec, depending on the exact telemetry con-

figuration. Data collected in the real time mode are particularly



suitable to the study of phenomena closely related to the geomagnetic

field, such as cutoffs.

Vertical Telescope

Figure II-1 shows a schematic cross sectional view of the vertical
telescope, which consists of a stack of circular detectors and absorbers.
From top to bottom, they are: a go]d-si]icon surface barrier detector,
an aluminum absorber, ahother gold-silicon surface barrier detec-

tor, and a copper absorber. Such solid state detectors measure the
energy lost by a charged partic]e passing through the sensitive region
of the detector; the physical characteristics of these detectors and
absorbers are given in table II-1. The detector stack is completely
surrounded, except for the entrance aperture, by a cylindrical p]asfic
scintillator cup, which serves to (1) collimate the response of the
telescope, (2) help discriminate against side showers and nuclear inter-
actions within the stack, and (3) determine the high energy analysis
limit (&40 MeV/nucleon) for the system. The entrance aperture is
covered by a 3/4 mi1 (0.00075 in) aluminized mylar light baffle; the
thickness of this baffle contributes significantly to the low energy

threshold (1.21 MeV/nucleon) of the telescope.

Incident particles are analyzed only if not registered in the anti-
coincidence detector D;. The number of particles with energy losses
above an electronically determined threshold in D; and D, are recorded,

along with the number of D,D, coincidences. In addition, the energy



Figure II-1

Schematic cross section of vertical telescope.
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Table II-1

Physical Properties of Detectors and Absorbers

in the Vertical and Horizontal Telescopes

Detector/Absorber

Window (Vertical)

(Total)

Dy (Depletion region)

Absorber

D (Total)
2 (Depletion region)

Absorber
Inner housing

D3

Window (Horizontal)

(Total)

Hy (Depletion region)

Material Thickness
(mg/cm?)

Mylar 2.6 + 0.2

. 106 + 2
Silicon 56 + 5 -
ATluminum 36 + 4

v 133  (nom.)
Silicon 56 (est.)
Copper 1790 + 45
Magnesium 138 + 9
Plastic 505 + 27
Scintillator
Mylar 1.22 (nom.)

. 11.7 (nom.)
Silicon 5.8 (nom.)

Sensitive
Area
(cm2)

2.4 (nom.)

3.5 (nom.)

0.079 (nom.)
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lost inpblvis measured for one event'dpring each sample period. The
number of particles measured by D; are also recorded. The electronic

configuration and the geometrical factors for the various rates are dis-

cussed in more detail below.

As hoted in!tab]e II—];.the.detectOrS used ih thfs experiment are
not ful]y'dep1eted; fui]y depleted detectors with_such'1arge sensitive
areas Qere not avai]ab]e'when ‘this experiment was designed As will be
noted be]ow “the non-uniform1ty of the dep]et1on depth over the sensi-
.t1ve area of the detector was one of the pr1nc1p1e factors which Timited

the reso]ut1on of the pulse he1ght ana]ys1s of the output from D;.

Hortzontal Telescope

" A schematic cross section of the hohizonta] telescope is shown in
figure'II-Z. This telescppe, which is considerabiy smaller than the
vertica] teiescope, consists-df a Sihgle go]d-si]icpn surface barrier
~detector completely surrounded, except for the entrance aperture, by a
magnesium shield. As in the vertical telescope, the entrance aperture
is’covered by'a 0.00035 in. aluminumized mylar light baffle. The physi-
cé] chareeteristics of the horizontal detector and window are included
- in table II-T. It should be noted that the collimation for this tele-
scope is paesfve, in contrast to the active collimator available for the
vertical telescope. The effect of this difference on the response of
these two telescopes is indicated below in connection with the energy

dependent geometrical'factors. Al charged particles losing more energy
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Figure II-2

Schematic crdss section of horizontal telescope. Note that the scale

used here is different than that used in figure II-1.
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in the sensitive region of the detector than the electronically deter-

mined threshold are counted.

Electronics and Data Formatting

The block diagram in figure II-3 illustrates the logic configuration
of the electronics system éssociated with the two charged particle tele-
scopes and the format in which the data are stored in the spacecraft.
The details of the electronic components are similar to those for Exper-
iment F-20 on 0GO-6 which were specified in a papér presented to the
Fourteenth Nuclear Science Symposium of the IEEE in 1967 [29]. As indi-
cated on this figure, the following information is stored by this exper-
iment:

1. The 29, 2%, and 2° bits of the recycling scalars corresponding
to the number of counts from the following four logic configu-
rations: V1V3, VoVs, V1VoV3, and Hy (V1=Dy,5:Vp2Dy, V3zDy).

2. The 2%, 25, and 25 bits of a recyé]ing scalar associated with
the number of V3 counts.

3. A 256-channel pulse height analysis of the amount of energy
deposited in D;. Only one such analysis can be stored; the
contents of word 17 are erased prior to storing a new event
analysis. Thus only the last event analyzed before each read-
out is available.

4. Flags indicating whether the pulse height analyzed event is a
new event (since the last telemetry readout) and whether the

threshold of D, was exceeded on the event analyzed.
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Figure II-3

~ Functional block diagram of electronics system.
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5. A digitization of an analog rate meter connected to the output
of the Vjy discriminator.

The‘spacecraft telemetry will be discussed in Section III.

Thresholds and Calibrations

The electronic thresholds associated w1th the discriminators of the
four detectors were set so as to minimize the contamination due to back-
ground noise. The values of_these thresholds in terms of detector out-
put and of incident particle energy were determined by electronic and
particle calibrations. The electronic calibrations give a precise deter-
mination of the discriminator thresholds and pulse height analyzer re-
sponse asva function of charge at the input to the charge sensitive pre-
amplifier, while the particle calibrations enable a determination of the

response and resolution of the detectors.

In order to 1nterpfet these calibrations in terms of the response
of the telescope, interpolations were made in the range—energy loss
tébles giveh by Janni [30] wherever necessary. These tables were gen-
erated by integrating a semi-empirical expression.for‘the energy loss of
_‘a charged particle passing through a homogeneous material. The cali-
brations are described in more detail in a Space Radiation Laboratory

Internal Report [31].

. The results of the electronic calibrations of the detector thres-

holds are givén in table II-2.
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 Table II-2
Energy loss thresholds for 0G0-4 detectors

Detector Threshold Témperature
(25 °C) Coefficient
D, | 424122 keV 0.0 kev/°C
D,  253+23  keV _ 0.3 keV/°C
D; 53:3 my 0.1 mv/oC

Hy 37714  keV ' 0.6 kev/°C



g
By using the range-energy loss tables mentioned above, the corre-
spondence between the pulse height analyzer channel thresholds and inci-
dent proton éhergy can be determined; This is shown in figure II-4. An
important}facet of the correspondence shown.in this figure is that for
channel numbers greater than 29 (and less than 72) two incident proton
energies_cén'be associated with each channel threshold. Below channel
29, the availability of the'range information provided by D, makes the
association between incident proton energy and channel threshold unique.
The‘efféct of these doubZe-vaZued pQ1se height ana]yzer channels on the

analysis of the data will be discussed in Section IV. -

,_The-protoh response of the vertical telescope was determined by ex-
posing the assembled telescope to a series of proton beams using the

Caltech Tandem Van de Graff accelerator [31].

The e]éctron response of the detectors in the vertical telescope
was determined by exposing nearly,identical detectors to the beam of a
magnetic sbectrometer [32]. Electron geometrical factors as a function
of energy fof D; and D, determined in this manner are given in figure
II-56. It is clear from these results that the electron sensitivity of
the V,V,V3 rate is negligible. The thin depletion depth andAhigh elec-
tronic threshold of the H, detector insure that the electron sensitivity

of the H, rate is < 107™% [33].

The incident energy ranges corresponding to the rates measured by
this experiment are summarized in table II-3. In addition to the aver-

age geometrical factors included in table II-3, energy dependent proton
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Figure II-4

Correspondénce between pulse height analyzer channe] thresholds and inci-
dent proton energy (incident in mylar window). The Dl discriminator

level is indicated, along with the energies corresponding to the trigger-
ing of D, and D3. The alpha particle response is also shown. Note the
set of'channels for which there is no one-to-one correspondence between
channel threshold and incident proton energy. These channels are referred

to as double-valued.
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Figure II-5

Electron geometrical factors for V,V3 and VZVS'rates.
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Table II-3

Incident Energy Ranges Corresponding to
Electronic Rate Configurations

Rate Incident Energy Range Approximate
Configuration ' Geometrical Factors (AQ)
Electrons Nuclei . (cm2-sr)
(MeVv) (MeV/nucleon) Electrons Nuclei
ViV3 0.45-1.8 1.24-40.4 0.08 1.06
VU3 0.67-2.5' 9.3-40.4 0.36 1.42
ViVoVs 0.67-1.8 9.3-40.4 1073 1.16
Hy --- 0.88-4.5 107 0.013

Vs - 0.53 37. ? ?
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geometrical factors have been calculated for all rates but V3 using a

Monte Carlo technique. These are shown in figures II-6 and II-7. Com-
paring these two figures, the effect of the passive collimation in the
horizontal telescope is clear: the high energy response of the H; rate

.is quite complex.
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Figure II-6

Energy dependent geometrical factors for the V,Vj, V,V5, and V,V,V5 rates.
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Figure II-7

Energy dependent geometrical factor for the H; rate.
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III. SATELLITE

0GO-4 is the fourth in the series of six Orbiting Geophysical
Observatory satellites sponsored by the National Aeronautics and Space
Administration. This satellite was launched from the Pacific Missle
Range on 28 July 1967 into an orbit with an initial inclination of 86°,
apogee of 908 kilometers, perigee of 412 kilometers, and orbital period

of 98 minutes [34].

The instrument described in Section II was mounted on the space-
craft so ihat only particles incident on the vertical telescope from
directionslwithin 30° of the zenith do not trigger the anti-coincidence
counter, Dy, prior to passing.through the solid state detectors, D,
and D, (see figure II-1). Similérly, the horizontal teiesc0pe was
mounted so fhat collimated particles represent particles incident from

directions nearly perpendicular to the zenith.

Because of a need to time-share the spacecraft telemetry facilities
between two sets of experiments, the data collected by this experiment
were only available about 50% of the time: often in two day periods
separated by fwo day gaps in the data. The effect of this telemetry con-
figuration on the data from this experiment is i]]ustraﬁed in the 0G0-4
Data Coverage'Plots [35]; figure III-1 is a typical example of these
plots.
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Figure III-1

A typical example of the 0GO-4 Data Coverage Plots. An explanation
of the information displayed on this figuré is given by Evans [35],

~ where a complete set of these plots covering the entire period

during which at least one of the 0G0-4 tape recorders was operable
will also be found. These plots are designed to fulfill the dual
purpose of indicating the availability of the data from this experi-
ment and of comparing these data to other geophysical, interplanetary,

and solar data of interest.
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The spéCecraft was deactivated on 23 October 1969, but the failure
of the second of the two on-board tape recorders on 19 January 1969
represented, at least for this study, the practical 1imit of the period

for which useful data are available.

The trajectories of 0G0-4 during several typicaT orbits mapped
onto a po]ar.representation of geocentric latitude vs. geocentric
tongitude are shown in figure III-2. As the plane of the satellite
Qrbit remains relatively stationary in space, the earth rotates under
the.sate]]ite,_causing the apparent shift in the trajectories. Contours
of constant invariant latitude (1) [36] are also projected into this co-
ordinate system for reference; it should be noted that some of the orbits
- reach a much lower maximum invariant latitude than others, especially in

the south,

Since many of the charged particle effects which can be measured
by this exberiment are closely related to the geomagnetic field and the
sun-earth-satellite orientation, the data observed with 0G0-4 can be
more efficiently organized in a coordinate system reflecting the position
of the satellite in the geomagnetic field and the sun-earth-satellite
orientation. Of several coordinate systems ref1ectihg these parameters,
one of the'most effective and widely used is that consisting of in-
variant gebmagnetic latitude (A) ve. magnetic local time (MLT) [37]. The
trajectories shown in figure III-2, mapped into this ﬁystem, are shown in
figure III-3. It is clear that in this coordinate system the effects of

the rotation of the earth are minimized, .and the differences in maximum
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Figure III-2

A projection of typical 0G0-4 trajectories onto a polar representation’
of geocentric latitude vs. geocentric longitude. Projections of these
trajectories onto both geographic poles are shown for comparison, and

contours‘of constant invériant geomagnetic latitude (A) are indicated.
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Figure ITI-3

A projection of the same 0G0-4 trajectories shown in figure III-2 into
a geomagnetic coordinate system: invariant latitude (A) vs. magnetic

local time (MLT). The field coefficients given by Cain,et aZ. [38]

were used to calculate A.
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invariant latitude are depicted more explicitly.

Since for the bulk of the observations reported here a critical
distinction will be made between data collected at'1ow and high polar
geomagnetic latitudes (see section V), the data collected during polar
passes such as 2039 and 2040 in the north and 2038, 2039 and 2040 in
the south may be seriously degraded due to the limited degree to which

the satellite penetrates to high geomagnetic latitudes.
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IV. DATA ANALYSIS

The processing scheme used'for the data from this experiment is
illustrated by.the block diagram shown in figure IV-1. The data came
to Caltech stored on two classes of magnetic tapes: experimenter tapes
and attitude-orbit tapes. The former contained the decommutated data
for this experiment, while the latter provided the position and orien-
tation of the spacecraft as a function of time (one point per minute)
calculated from data collected b& trqcking stations. The information
from these two classes of tapes was interleaved, time}ordered and
stored on a third class of magnetic tape, referred to as an abstract
tape. The study being reﬁorted here has involved the processing of
data from a total of 931 magnetic tapes, representing almost 300,000
minutes (n 62 x 106 read-outs) of playback data. The format of the.

~data on these tapes is described elsewhere [39].

A complete collection of plots showing the detector rates as a
function of time [28] serve as a catalogue of these data from which one
can evaluate the performance of the experiment and specify the periods
of data most suitable for a particular study. With this information any

of the other programs indiCated‘on figure IV-1 can be employed.

The calculation of rates for the output of the solid state de-

tectors is complicated somewhat by the fact that only the 2°, 2% and 29
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Figure IV-1

Block -diagram representation of the procedure developed to process 0G0-4

data at Caltech. The symbolism used is as follows:

magnetic tape

computer prbgram (program names are given in capital
letters.)

branch (decision)

cards punched

N6 0

results (only the resultant plots are shown on this
diagram; each program has the option of
tabulating results as well.)

The rate plots, which constitute the data catalogue, are discussed by

Evans, et al. [28].
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bits of the rate scalers are recorded. Figure iV-Z,i]]ustrates that
special care must be exercised in the calculation of rates‘in some
kanges, and that for detection rates above 500 counts per read-out
(~1740 counts per second for playback data) an unambigUous determina-

tion of these rates can be made only in special circumstances.

Using the accumulation of many pulse height analyzed events along
with the response curve shown in figure II-4 and the energy dependent
geometricé] factor illustrated in figure II-6, differential f]ux'spectra ‘
can be calculated. However, as pointed out in connection with the D,
response curve (figure II?4),_for a range of pulse height analyzer chan-
nels the correspondénce between channel threshold and incident proton
energy is not one-to-one. As a consequence, the spectra presented in
Section V have been calculated using the iterative technique illustrated

in figure IV-3.
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Figure IV-2

Probabilities of a change occurring in the 29, 2% and 29-bits of a.

detector scaler during one read-out as a function of the event rate

expressed in counts/read-out.
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Figure IV-3

Iterative technique used to calculate differential energy spectra.
A spectrum is first calculated in a straightforward manner, and standard
regression techniques are used to determine the "best" fit to

dd _ ar-Y
I AE

using only the points for which the energy identification is unique
(figure IV-3a). This function is then used to determine the proportion
of events in a double valued energy.bin to be assigned to each energy
interval corresponding to the group of pulse height analyzer channels
involved. AThe flux for this group of channels is then recalculated.

The results of this procedure (figure IV-3b) are valid (for the affected
~points) only to the extent that the actual spectrum agrees with the

function used to approximate it.
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V. OBSERVATIONS .

Utilizing the data processihg prbcedure outlined in Section IV,
many of the avai]éb]e data from 0GO-4 have been processed. The 0G0-4
Data Coverage Plots [35] indicate the periods during which data were
available, and also indicate for which of these periods the data have
been processed. These data are particularly appropriate to the study
of the entry of solar particles into the earth's magnetosphere, and
several periods have proven fo be instructive. In addition to electron
observations, two examples of proton observations will be presented as
illustrative of the type of observations available. A more complete
compilation of pertinent data, including those events presented here,

is given in Appendix A.

Electron Observations

Although the instrument described in Section II was not designed
primarily to detect electrons, several periods of high electron fluxes
were observed in the pb]ar cap regions on board 0GO-4. Some of the
characteristics of electron polar cap observations have previously been
reported [27,40,41], but the data presented here provide, for the first
time, a comprehensive mapping of the boundary of the electron polar cap
region. As discussed in Section VII, this boundary represents the

boundary between open and closed geomagnetic field lines.
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As menﬁioned in Section II, the V,V; and V,V; rates are much less
Sensifive_td'e1éctrons than to protons. Although the contribution of
e1ectf6nslto the'observed rates varies considerably, it is typically <15%
for the V,V; rate and <35% for the V,V, rate. In addition, we recall
that the 0G0-4 anti-coincidence scintillator, V5, is sensitive to elec-
trons above a threshold energy of 530 keV. Normally, then, electrons
constitute a rather minor constituent of the observed rates. There are
periods, however, when the electron flux is sufficiently high relative
to the_protdﬁ flux that electrons become an identifiable constituent of
thg V,¥5, VéV;'and V; rates. The identification of these periods and
the identiffcétion of the rates as predominantly due to electrons is il-
lustrated in figure.v-]. The rates from'this po]ar pass show a uniform
eleétron polar cap f]ux betwéen 1750:40 UT and 1805:40 UT; beyond 1806:00
the spécecraff had moved to invariant latitudes where the electrons did
not have free access. That this enhancement can be associated strictly
with e]ecf?ons can be seen clearly by comparing the V,V; rate (electrons
and protons) with the V,V,V3 rate (brotohs only). In order to improve the
pfecision with which the electron polar cap boundary could be specified,

the V3 rate was plotted on an expanded scale, shown in figure V-2a.¢®

Figure V-2b illustrates that the edge of the electron polar cap

- was normally associated with an electron spike near magnetic local
midnight (MLT = 2100-0211). Figure V-2¢ is an example of an electron
polar cap observation showing a particularly striking feature (i.e. the
sharp depreséion at 0233:40 UT). These features were rarely observed

and normalIy.occurred only late during the recovery phase of a magnetic
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Figure V-1

Rates observed during a typical 0G0-4 polar pass (A250°) illustrating
an enhanced electron polar cap flux. These data are from the north

polar pass of Rev. 6291 on 26 September 1968.
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Figure V-2

High'resolution plots of the V3 rate, showing characteristic electron
polar cap observations:
V-Za: V3 rate shown in figure V-1.
V-2b: An example of the type of electron spike associated with the
edge of the e]ectron polar cap between MLT ~ 2100 and
“MLT ~ 0200. |

V-2c: An example of a well-defined feature in the electron polar

cap flux. Such features were rarely observed.
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storm. -

A total of 333 such observations were made during magnetically quiet
periods, and the resultant map of the electron polar cap boundary is
shown in figure V-3. Here the geomagnetic coordinates (invariant lat-
itude and magnetic local time) of each observation of the boundary are
indicated by a symbol. The apparent dependence on geomagnetic activity
wi]]_not be discussed here. The values reported by Vampola [27], which
he extrapolated to magnetically quiet conditions, are shown for compar-

ison.

We can now define the following terms with respect to the electron
results from this experiment: ﬁigh polar latitudes (HPL) and Zow polar
latitudes (LPL). High polar latitudes will refer to the invariant
latitudes between the e1éctron polar cap boundary and the geomagnetic
pole; Tow polar Tatitudes will refer to the invariant latitudes be-
tween geomagnetic cutoff for 1.2-40 MeV protons (be]dw which polar
- proton fluxes cannot be observed due to the Earfh's magnetic field)
and the eiectron polar cap boundaryﬁ These definitions will be useful

in organizing the proton observations.

Proton Observations

Most of the data collected by this instrument are by design
dominated by proton fluxes. Since we are interested in studying those
periods during which the proton counting rate changes significantly

during a time scale of several hours, the proton data can be effectively
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Figure V-3

Observed electron polar cap bouhdary data in an invariant latitude-

magnetic local time coordinate system.
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displayed on a plot of proton counting rate (or flux) as a function of
time, which is referred to as a profile. In particular, we will be in-
terested in comparing the profiles of fluxes measured at low polar lat-
itudes and at high po]a# latitudes. As discussed in Section VII, the
north and south low polar latitude regions are most Tikely connected by
closed field lines, while the north and south hiéh polar latitudes are
not. Therefore, no distinction will be made between data collected in

the north and south Tow polar latitude regions, whereas the data from

the two high polar Tatitude regions will be kept separate.

Thevtempora1 variations'obserVed in the proton flux can normally
be divided into two main types: those events associated with and having
the éharacteristics of solar flare events, and those events which have
been variously referred to as Energetic Storm Particles (Bryant, et al.
[42,43] and Rao, et al. [44]), Delayed Particle Events (Lin and Ander-
son [45]), and Protons Associated with Centers of Solar Activity (Fan,
et al. [46]). We will follow the lead of Anderson [47] and try to avoid
any semantics problem by referring to these events as EDP (Energetic
Delayed Particles) events. A]though treated in more detail in Section VI,
a brief description of the essential differences between these two classes
of eventvaay indicate why the distinction between them is made. Flare
events are characterized by impulsive ejection of particles by the sun
followed by their propagation through interplanetary space. This typi-
cally results in a rapid rise (~few hours) to a maximum proton flux,
followed by a long, nearly exponential decay with a time constant of about

one day. EDP events, on the other hand, are characterized by a region of
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limited radial extent and enhancéd Tow energy particle flux being
convected outward by the solar wind plasma (expanding solar corona).
For our purposes here, EDP events are phenomenologically characterized
by the f011owing (after Anderson [47]):
1. Fluxes occur predominately at low energies.
2. Profiles show much more rapid rise and fall than flare event
profiles and often exhibit large fluctuations during the event.
3. The duration of the event is normally between 0(1 hour) and
0(1 day). |
4. 'Events are often associated with a "weak depression" in the
sea 1eye1 neutron monitor rates.
5. Events are sometimes associated With one or more geomagnetic

sudden commencements or sudden impulses.

Presented belqw are typical examples of the observations of both

of these classes of particle events.

EDP event of 1 December 1967

Figure V-4 shows the_VIV;'rate as a function of time for each
avaf]ab]e}polar pass from‘17b0 UT on 1 December 1967 to 0700 UT on
2 December. This figure illustrates the averaging intervals used to
obtain average counting rates for each of the polar cap regions (LPL
_ and HPL), and the relation between these averaging intervals and the

electron polar cap boundary data presented in figure V-3. The profiles

of the flux measured in the low polar latitude (LPL) region and in the
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Figure V-4

ViV3 counting rate (15 second averages) during all of the available
polar passes from 1700 on 1 December 1967 to 0700 on 2 December. The
averaging intervals used-tg obtain average rates for low polar latitude
( I—— ) and high polar latitudes ( .———— ) are shown and
compared to the abproximate location of the electron polar cap boundary
(a) as shown in figure V-3. In addition to universal time, geomagnetic

coordinates (A and MLT) are also indicated.
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north and south high polar latitude (HPL) regions are in figure V-5.
A11 data points shown in this figure have errors combarab]e to those of
the four points with explicit error bars. The arrows near the top of
the figure indicate a gap in the data, which included both a south and
a north polar pass (see Section III). The time resolution of the LPL
profile is twice that of the other two profiles because the north and

south LPL regions are considered equivalent.

The identification of}this event as an EDP event is SUpported by
the extreme]y fast "decay" of - the flux, the predominantly low energy
nature of the event (see discussion of spectra below), and the presence
of a weak depression iﬁ the Alert Neutron Monitor [48]. In addition,
figure V-6 shows a direct comﬁarison between the data in figure V-5 and
the ihterplanetany flux of 0.79-9.6 MeV protons and 0.17-1.00 MeV
electrons measured by the University of Chicago experiment on board IMP-F
[49]. The correlation between these interplanetary data and the LPL pro-

file is notable.

The most obvious features of these profiles are that (1) all three
profiles are different (a peak occurs first at LPL, next at northern HPL,
ahd last at'southern HPL) and (2) only the'LPL peak occurs at the same

time as the peak seen in the IMP-F data.

In order to determine the relationship among thesélpeaks, spectra
were calculated at eight times during this event; the data for which
spectra were calculated are indicated by the circled points on figure V-5.

Thesé spectra are shown in figure V-7. The data upon which the spectra
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Figure V-5

Flux profiles for EDP event of 1 December 1967. The profile for each
region is distinguished from the other profiles according to the
following code:

6'—-0 low polar latitudes

*~————o north high polar 1atitudes.

@@ south high polar latitudes
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Figure V-6

A direct coﬁparison between interplanetary and polar cap particle obser-
vations for the EDP event of 1 December 1967. Interp]anetary data are
the flux .of 0.79-9.6 MeV protons and 0.17-1.00 MeV electrons measured

by the University of.Chicago experiment on board IMP-F [49]. Polar cap
data are the flux of 1.2—40 MeV protons and 0.4-1.0 MeV electrons meas-
ured by V,V3 on board 0G0-4. The interplanetary data have been multi-

plied by 0.32 to normalize them to the 0GO-4 flux at the EDP peak.
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Figure V-7

Differential energy spectra of the following fluxes calculated from
data collected durihg the 1 December 1967 EDP event:
V-7a: Low polar latitudes prior to the begihning of the event.
V-7b: Low polar latitude peak, northern high polar latitude peak,
‘and southern high polar latitude data from the same time.

v

7c: . Flux from each of the three regions collected at or near
| the southern high polar latitude peak.
V-7d: Low po]ar latitudes after the end of the event.
In all four cases, LPL data points are indicated by an open circle (o),

northern HPL by a closed circle (e) and southern HPL by a cross (x).
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in figure.Vbe were based were collected during consecutive polar passes
in order to minimizé any differences due to temporal effects; the same
is true of the data in figure V-7c. We note the striking interchange in
roles from’figure V-7b to figure V-7c between the southern HPL region

and the LPL and northern HPL regions.

‘These eight spectra are summarized in table V-1, which gives the
coefficient and exponent of the best fit for each spectrum to an equation
of the form

4o e

where J is the flux in”particles/cmz-Sec-sr,.and vy is referred to as fhe
spectral index. One standard deviafion errors for A and y, as well as
the x2 "goodness of fit" parameter, are also indicated on this table.

The spectra observed at each -of the peaks indicate fhe following:

(a) compared to the spectra observed before and after the event, each of
the peaks consisted of a iargér proportion of low energy protons and ex-
hibited spectral indices typical of those observed for EDP events in inter-
planetary space [50], and (b) the spectral index of the flux was essenti-
ally the same at each peak. The first point supports the identification
of these peaks as due to EDP fluxes, while point (b) is consistent with
the interpretation that all of the peaks represent a sampling of the

same particle population. This interpretation is aided by the obser-.
vations that the magnitude and spectrum of the ambient flux change very
little throughout the event and that the spectral indices for the peak

fluxes are significantly different than the index for the ambient flux.
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TABLE V-1

1 Dec. 1967 EDP Event Spectra (see figure V-7)

Relationship. to EVent

Best Fit to

dJ

dE

Coefficient

IIAII

AE™Y

(cm2-sec-sr-MeV) ™!

Pre-event LPL

LPL peak

Northern HPL peak
Southern HPL at LPL peak
LPL at Southern HPL peak
North. HPL at S. HPL peak
Southern HPL peak
Post-event LPL

1.07
9.90
10.90
1.21
1.13
1.10
4.43
1.47

O+ O+ O+ O+
o O o o o o o o

I+

i+

.18
.15
11
21
.19
.23
.26
21

N W NN W oW N

.52
.67
.53
.66
.52
.62

Spectral
Index

Y

.31 £ 0.23

+

0.22
0.17

H

I+

0.29

I+

0.24

I+

0.32

I+

0.4

.69 + 0.29

N O W

2

.33
.96
.52
.47
.19
.95
.28
.08

o o o o o o o O

P(>x2)

.316
.995
.961
.983
.974
.962
.989.
.993
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These obServations lead to the following description of the 1 Decem-
ber 1967 éyent. The interplanetary region of enhanced flux arrives at
the earth and is observed almost simultaneously by IMP-F and at LPL.
About 1.2 hours later, by which time the LPL flux has decreased signif-
icantly, this flux is observed to reach a maximum at nofthern HPL.
Finally, after these two fluxes have definitely returned to ambient flux

Tevels, the EDP flux is observed at southern HPL.

Solar Flare Event of 2 November 1967

The second of the two classes of solar particle events of interest
here consists of those events associated with solar flares. As with EDP
events, we will compare the profiles of the flux at Tow polar latitudes
and the flux at north and south high polar latitudes. Many flare events
have been used in this study; most of these are subject to the limitation
imposed by the time-sharing néture of the 0GO-4 telemetry: in general,
data are available for two day periods separated by two day gaps. This
“limitation is more critical for flare events, which might last 6-8 days,.
than for EDP events, which have typical durations between one hour and

one day.

Typical of the observations which, in spite of this limitation,
have features of interest are the profiles of the 2 November 1967 flare
event in figure V-8. Preliminary results of the study of this event have
been previously reported [11]. Typical errors are indicated for arbitra-

rily selected data points.
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Figure V-8

Profiles of the 2 November 1967 solar flare event. The symbols in this
figure are explained in Appendix A (see table A-3). A 2B flare accurred
on the sun atv0852 UT on 2 November 1967, accompanied by 2-12 R X-ray
emission that peaked'af 0858 UT.
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This is a particularly good example of a prolonged difference be-
tween the flux observed in one high polar 1atitude_region and the flux
observed in the other two polar regions. The north high polar latitude
flux is consfstent]y lower than the other two fluxes for a period of ~25
hours. This type of profile configuration, where one high polar lati-
tude profile is markedly different than the other high polar latitude
profile has been referred to as a North-South (N/S) asymmetry [11,25].

The appearahce of such a N/S asymmetry duking a single polar pass
is illustrated by figure V-9. This figure shpws the V,Vs rate for the
" north and south polar passés of one orbit early during the 2 Nbvember
1967 event. Southern polar passes from later in the event show even less
structure. The ratio SfAthe flux of 10-40 MeV protons to the flux of
1.6-40 MeV protons is an indication:that the same ratio of minimum to
maximum flux occurred over the entire measured energy rénge from 1.2
to 40 MeV. As is discussed below, pulse height aﬁalysis gives the same
indication. Figure V-9 also contains the ratio of the vertically inci-
dent to the horizontally incident flux, normalized so that unity cor-
responds to an isotropic flux. There is no evidence of a}1arge anisotropy
in conjunction with the intensity variations, ruling out a pitch-angle

dependent cut-off effect.

The manner in which the feature in the north polar proton flux il-
lustrated in figure V-9 is repeéted consistently for a long period as
shown in figure V-8 suggests the possibility of refgrring to these obser-
vations és‘persistent features. A feature in‘the proton polar cap flux

will be termed persistent if it is observed during two or more
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Figure V-9

Sé1ected north and southjpo]ar passes dbsérved early during the 2 No-
vember 1967 éo]ar flare.e?éht; Isotnopy”ié {ndicated'by a.vertical/
hdrizontaf ratio of unity. Any spectral -change wou]d-befindjcated by
a change in the 10-40 MeV/1.6-40 MeV proton fatid, which has a statis-

tical error of <1%. Invariant latitude.ds included for reference.
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consecutive orbits (excluding orbits’for Whichvappropriate data are

unavaiTab]e).

The mapping of the regions of maximum and minimum intensity into the
invariant latitude-magnetic Tocal time (A-MLT) coordinate system is sﬁown
in}figure,Vf]O, along with the Tow latitude rigidity cutoff previously
détermined for 1.5 MeV protons during a magnetically quiet period in

1961 [51].

Spectra were ca1cu1atéd throughout this event, and figure V-11
shows a typical examp]e of the spectrum from the nbrthern high polar
latitude region compared to the spectrum,from the 1ow‘po1ar_1atitude
region observed at the same time. The shapes of these spectra are re-
markably similar and differ only by a con§tant multiplicative factor.
Although there are some variations early in the event, as shown on figure

V-12, no prolonged energy dependent effects can be observed.

Comparison of Electron and Proton Observations

During the 28 September 1968 event, a comparison between electron
polar cap observations and the features which occur in the polar proton
intensities wés possible, and it is shown in figure V-13. During this
event the persistent proton feature took the form of a depression. The
observations of the electron polar cap boundary are mapped into an invari-
ant latitude-magnetic local time éoordinant,system ahd represented by solid
circ]es;'the~high 1at1tudé.limits of the enhanced flux region associated

with low polar 1atitudes,apbear as open circles. It is clear that the
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‘Figure V-10

A mapping_of the north polar passes of 0G0O-4 into invariant Tatitude-
magnetic local time coordinates for the period of the 2 November 1967
flare event. The 1ocations of the regions of maximum and minimum
proton fluxes are shown. Observed geomagnetic cutoffs are indicated
and compared to cutoffs reported for a quiet geomagnetic field in
September, 1961 [51]. The ektent\of data coverage is indicated where

it is less than a complete polar pass.



78

1800

e HIGH FLUX
—— LOW FLUX

0000 o= |.5 MeV CUTOFF
2400 ~ (SEPT., 1961)
MAGNETIC LOCAL TIME - @ .2 MeV CUTOFF

‘@< BEGINNING
OF DATA



79

Figure V-11

Typical proton differential energy spectra observed during the 2 Novem-
ber 1967 solar flare event. Open circles represent the spectrum ob-
served at low polar latitudes, and crosses represent the spectrum

observed at the same time at northern polar latitudes.
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. Figure V-12

Ratio of‘1ow polar latitude flux to northern high polar latitude flux
as a function of energy for the period of the 2 November 1967 solar
flare event. Each symbol consistently represents the ratio for a
specific range of energies. The longer horizontal lines indicate the
+1o limits of the ratio of the low polar latitude V,V3 rate (1.2-40 MeV

protons) to the northern high polar latitude VIV;'rate.
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Figure V-13

Comparison in invariant latitude-magnetic local time coordinates of
observed electron polar cap boundaries with observed high latitude limits
of regions with enhanced proton fluxes. During the event shown, these

enhanced fluxes weré observed at low polar latitudes.
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latitudes of the proton limits are > the latitudes of the electron polar
cap boundary. This comparison indicates that'the region where electrons

have rapid access is the region where the protoh access is delayed.
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VI. BACKGROUND

The sighificanée of the data presehted in Section V can be most
effeétive]y investigated in the proper context. As will be pointed-out
in Section VII, these data are particularly relevant to questions con-
cerning the configuration of the distant geomagnetic field. Since
charged particles observed in the polar regions propagate through inter-
planetary space, a brief description of.this‘environment and the behavior
of energetic solar particles therein is appropriate. In order to estab-
Tish the context for the discussions to follow, thé distorted configur-
ation of the near-earth geomagnetic field will be presehted, along with
the'significanCe and difficulties of studying the distant geomagnetic

field.

Interplanetary Environment

The model which we will use here is the one which was first proposed
by Parker [52]. In this model the solar corona plasma continues to ex-
pand radially outward from the sun to form a super-Alfvenic solar wind.
The solar magnetic field is "frozen into" the solar wind plasma [53] and
is thus convected outward from the sun. In the presence of a homogeneous,
uniform solar wind fTow, fhe combinétion of the radial solar wind flow
and the rotation of the sun would cause the solar magnetic field to be

pulled into an Archimedian spiral configuration, such that near the earth
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the angle between the magnetic'fie}d and a radial vector would be about
48°, measured in the ecliptic plane [54]. Neitherdthe source of the magQ
netic ffe]d nor the medium in which it is‘being convected is either homo-
geneous or uniform, however. As a censequence, the configuration of the .
interplanetary magnetic field fluctuates considerably from this ideal po-
sition (cf. [55]), and the actual configuration is more like that depic-
ted schematical]y in figure VI-1. An impnrtant parameter of the solar mag-
netic f1e1d is the mean direction of the f1e1d designated as positive (nega-
tive) 1f the field direct1on is predom1nate1y away from (toward) the sun
a]ong the average sp1ra1 d1rect1on Most of the time this mean direction is
observed to be divided into sectors [56], also shown in f1gure VI-1. The
h1story of th1s sector structure during the 11fet1me of the 0GO- 4 data ac-
qu1s1t1on [57,58] is indicated on the 0G0-4 Data Coverage Plots (an example

is shown in figure IV-1; the complete set is given by Evans [35]).

As indicated in Section V, solar cosmic ray events can be divided
into two different phenbmeno]ogica] classes: (a) the prompt event, or
solar flare event, in which particles arrive witnin a few hours of the par-
ent flare, and (b) delayed events, or EDP (Energetic be]ayed Parttcle)
events, in which particles arrive a day or more after the parent flare [59].
Since each of these classes of events has been observed with 0GO-4, it is
appropriate to briefly discuss some of the phenomenological aspects of

each.

Solar flare particles are thought to be injected into interplanetary

space impulsively at the sun more or less coincident with a relatively



88

Figure VI-1

Schematic representation of the configuration of the solar magnetic

field near the ecliptic plane.
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large release of energy (e.g. optical, X-rays, synchrotron radiation

from energetic electrons). After injection, the propagation of these
particles from the sun to the point of observation is determined by the
characteristics of interplanetary space. The results of this propagation
are normally an increase in the interplanetary flux to a maximum over a
time scale of about five to fifteen hours [59], followed by a decay which
becomes more'or less exponential after a few hours with a decay time con-
stant on the order 6f a‘day. The radial gradient in the flare flux is
normally negative ét 1 AU early in the event, but may become positive
during the decay phase. Such a positive gradient has been observed‘by
0'Ga11agher k&~%%-: 2.0 x 1073 %/RG [60]. Current models for the pro-
pagation of solar flare protons in interblanetary space [61,33] give
%—%%-: 1.5-11.0 x 1073 %/Rﬁ as typicaf for gradients near 1 AU for late
times (t > 140 hours). Early during the decay phase, interplanetary gra-
dients could be aé highvas 40-50 x 1073 %/RQ’ depending on the position
of the flare on the sun [33].

Anisotropies in the interplanetary proton fluxes associated with
prohpt events are observed throughout most events [59,62]. The degree
and direction of the anisotropy varies greatly, however, during each event
and also froﬁ one event to another. During the early phase of a prompt
event, particles are normally observed streaming out from the sun along
the direction of the interplanetary magnetic field [63,64]. This field
aligned anisotropy decays rapidly and is usually not dominant shortly
after the maximum flux is observed (5 to 15 hours after onset) [59,63].

After this time the anisotropy direction is independent of the magnetic
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field direction and is inferred to be parallel to the solar wind velocity
for a period of a few days [59]. The magnitude of the anisotropy during
this phasevis energy dependent and is normally between 5% and 20% [63].
Late in the decay phase of the event (more than four days after onset)
the anisotropy is directed more or less perpendicularly to the magnetic
field direction and its magnitude is 5% [65]. The general duration and
magnitude of interplanetary anisotropies during these three phases will
be referred to in Section VII when the effect of these anisotropies on

polar cap observations is discussed.

Another aspect of_interplanetary anisotropies which will be of sig-
nificance in Section VII is that, in general, the magnitude of the maximum
anisotropy is inversely dependent upon the solar longitudinal separation
between the'parent flare and the foot of the interplanetary line of force
passing through the point of observation [59]. Although this is generally
true, large (2 3:1) anisotropies have been observed at lower proton ener-
gies during the initial phases of some flare events which are time cor-

related to east 1imb optical flares [66].

The other class of solar particle events consists of the delayed
events, or EDP events, which have been observed many times in interplan-
etary space (e.g., as cited in Section V, [42-47,50]). Most of the
phenomenological aspects of these events are mentioned in Section V, so
we will confine our attention here to their source, with one exception:
these events are usually associated with large field directed anisotropies

in interplanetéry space [44]. These EDP phenomena are normally associated
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with the sb-ca11ed "active" regions of the sun; the enhanced flow of
plasma from such a region sets up an interplanetary configuration such as
that i]]ustréted in figure VI-2-[Cf. 42,46 ,47], whfch co-rotates with
the sun. The effect of simultaneous observations at radially separated
points in space would be to observe an abrupt and short-lived enhancement
at the most sunward observation point first and at the point furthest
from the sun-iast.' The importance of this class of events to our study
is that such events are associated with spatially we]]-defined inter-
planetary features which sweep past the earth and down the geomagnetic
tail (see below) at a nearly constant velocity, that of the solar wind.
Polar cap 6bservations of EDP events wi11‘provide thé basis for determ-
ining:approximately_whéfe the particles bbserved in a given region of

the polar cap gained access to the geomagnetic field.

Geomagnetic Field and Magnetic Merging

“An important'consequence of the existence of the solar wind is the
resultant configuration of the earth's magnetic field. The result of this
p]ésma-magnetic field interaction is the confinement of the geomagnetic
field to a cavity, called the magnetosphere, whose size and shape are de-
termined by a balancing of the various magnetic and plasma pressures in-
volved [67-70]. The current picture of the near-earth configuration of
the magnetosphere is illustrated in figure VI-3 (c¢f. [71]). As a matter
of definition, those geomagnetic field lines on which some charged part-
icles are capable of completing at least one bounce period (i.e., mfrror-

ing in both hemispheres) will be termed closed field lines. Those on
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Figure VI-2

Schematie representation of an interplanetary region of enhanced low
energy flux co-rotating with the sun [42,46,47]. As the regioh.coe
rotates past the earth, radially separated observation points would
record different event "arrival" and "departure" timeé. The differ-
ence between these timee would depend only upon the solar wind velocity

and the radial separation between the points.
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Figure VI-3

Schematic representation of the near-earth configuration of the

earth's magnetosphere.
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~which such trajectories are impossible for any charged particles will be

termed open field lines. In general, the open field lines constitute the
field in the distant gegmagnetic fai1 (see, for instance, [72,73]). The
configuratioh of the geomagnetic tail has been mapped rather completely
at least as far behind the earth as about 80 RQ (somewhat beyond the
orbit of the moon) [71,72,74576]. There fs some indication that at

least a geomagneticAwake may extend as far as 500 Ry [77,78] or 1000 Rg

[79-81] behind the earth. These observations are, however, complicated
by the motion of the tail [80], and the detailed structure at these dis-

tances has not been measured directly.

A concept which will be of importance later should be defined at
this time: that of an a;cess window for the entry of particles into the
magnetosphere. For a given location in the interior of the magnetosphere,
the access window for particles of a given rigidity will be defined as
the set of all points on the "surface" of the magnetosphere where particles
of that rigidity can ga;n access to the interior and be subsequently ob-
served at the given location. Since a surface per se may be well-defined
neither 1in Fhe distant tail nor in a region where the two fié]ds are
directly connected, the use'of the term “surface" is meant to imply (a)
the interface between the geomagnetic field and the interplanetary magnetic
field and/or (b) the extension of this interface through a region where
- the fields are direcf]y connected, if such a region exists. This defin-
ition is similar to, but more forma1.than. that given by Gall, et al. for

what’they refer to various]y as "penetration regions" [82] and "windows"

[83].
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In the absence of direct measurements of the disfant geomagnetic

tail (beyond 80 RQ), one of the cufrently unresolved questions concerning
the geomagnetic field is whether or not this field merges (i.e. reconnects)
with the interplanetary magnetic field. fhe r6le of charged particle ob-
servations in the resolution of this question is that they can act as
“probes" of a magnetic fié]d where direct measurements of the field are
infeasible. Assuming either the presence or absence of magnetic field
merging between the solar and terrestrial fields, it is possible to post- .
ulate what the resultant magnetic field configu?ation might be. An

analysis of ‘a configuration so obtained will then yield implications
concerning the characteristics of charged particle access from inter-
planetary space to the interior of the magnetosphere and the relationship
between interplanetary particle fluxes and fluxes observed in the polar
cap regions. Comparisons of polar cap observatiohs with the predictions
. concerning these observations arising from such é magnetic field con-

figuration will yield cohstraints to be incorporated in the model.

The implications of'merging between the solar and terrestrial magnetic
. fields are not, however, restricted to questions of particle access into
the magnetosphere. It is generally thought, for instance, that magnetic
field merging may play a role in the formation of solar flares [5], and
might even Se involved in galactic phenomena [6]. An investigation of these
possibilities is hampered, though, by the lack of concrete evidence con-

cerning the conditions under which merging could take place.

The basic mechanism for the reconnection of magnetic fields is
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provided by the.finite cohductiVity'of the plasma. . In 1956, Sweet [84]
pointed out that the diffusion rate for magnétic fields in the vicinity
of a neutral point (at which B vanishes) will be much faster than in
other regiOns.of a plasma. Since the magnetic forces vanish-at such

a point, the magnetic field will tend to form a shéet near which B
reverses direction on a relatively small length scale; such a sheet

is termed a neutral sheet. A neutral point also tends to be a stag-
nation point of the plasma flow, in which case the magnetic field is
conyected_toward the neutral point, where the fié]d lines are "broken"
and "reconnected" as the direction of the plasma flow changes by 90°.
Since the field vanishes at the neutral point, however, the process is
~more accurate]y thought of as one in which the,fie]d being carried to
the neutral point disappears and reappears in a different configuration,
as determined by the fluid flow. Figure VI-4 illustrates this process,
which is referred to as Sweet's mechanism; its astrophysical implications

have been investigated by Parker [85].

In order to proVide a mechanism whereby higher merging}rates than
those associated with Sweet's mechanism cou1d-be attained, Petschek [86]
has suggested that while diffusion may be presumed to dominate the magnetic
merging in the immediate vicinity of the neutral point, the b]asma which
is convecting the field away from the neutral point (after merging) may
be moving af the Alfven veldcity, VA‘ Petschek finds that the maximum in-
coming plasma velocity which can be supported by such a scheme is given

by the following recursive relation:
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Figure VI-4

Schematic depiction of a neutral point, at which the magnetic field
is shown undergoing merging via Sweet's mechanism. The angle between

the two fields near the neutral sheet has been exaggerated.
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ﬂVA

Un = 6UénoL
4 1n ——VREZ-

(6.1)

where o is the conductivity of the p]asmé at the neutral point, and L
is the scale size of the diffusion region. Sonnerup [87] has‘recent1y
refined this éppfoach somewhat, and has'reporfed the following relation-
ship for determining the maximum plasma velocity af_which the fields may

merge:

v, = vA(1+¢2) ‘ (6.2)

By treating the basic field equations involved, Yeh and Axford [88]
| conclude that in general there is no maximum merging velocity, although
they show that Sonnerup's solution is a special case of their solution --
the only non-singular case,.acéording to Sonnerup. Considering the
scarcity of observational information concerning magnetic merging, it is
virtually impossible to determine which, if any, of these solutions is
more nearly correct. Even establishing the absence of merging between

the solar and terrestrial magnetic fields would be,s{gnificant.

As a matter of terminology, geomagnetic field configuratidns arising
from the assumption of the absence of magnetic merging between the solar
and terrestrial fields aré referred to as closed magnetospheric models,
while thosevconfigurations based on the presence of merging are termed

open magnetospheric models. In the next Section, after a discussion of
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the general implications of the electron and proton observations, ex-
amples of each of these types of magnetospheric models will be presented

and compared to the 0GO-4 results presented in Section V and Appendix A.
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VII. DISCUSSION

The'infOrmation in Section VI provides the basic framework into
which the data presentéd in Section V can be placed. The 0G0-4 electron
observations providé a comprehensive determination of the boundary be-
tween low polar latitudes (closed field lines) and high polar latitudes
(open field lines). After this interpretation of the electron data’ has
been established, the proton observations can be used to investigate the
characteristics of the "windows" where thése charged particles can gain
access to the geomagnetic field. The observations of'EDP events will be
of partich]ar interest in this regard, especially with respect to charac-
terizing the positions and extents of these access windows. These EDP
data represent the first reported observation§ of clearly identifiable
interplanetary features, which are propagating down the tail, appearing
at different times in different regions of the polar cap. With the par-
ticle aécess configuration established, the three major models of the
distant geomagnetic field will be presented, noting the re]ationship of
each to the fundamental question of magnetic merging. The pertinent pre-
dictions and extrapolations of the field configuration resulting from
each model will be compared with the 0G0-4 data with the result that

severe constraints can be placed on each model.
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Electron Polar Cap

The Tow magnetic rigidity and high velocity of the 0.4-1.0 MeV
electfons observed by this experiment make these electron observations
of particu]ér importance in defining the transition between the region
of open field lines and the region of closed field Tlines in the magneto-
sphere [7-9,27,41,89,90]. The identification of the electron polar
cép with open geomagnetic field lines can be estab]ished as follows.
.The'origin of 50 keV polar cap electrons has been shown to be beyond
about 64 R9 béHind the earth by moonlshadowing experiments conducted with
a lunar orbiter by Van Allen and Ness [89], Van Allen [7,8], Anderson
and Lin [9], and Anderson [90]. In addition, Van Allen and Ness [89]
observe a diffusion rate perpendicular to the magnetic field less than
100 km/sec between the moon and the earth. These observations, coupled
with the low rigidity of the electrons, imply that the edge of the elec-
tron polar cap plateau should reflect the bbundary of open field lines
closely. The high e]ecfron velocities mean that differences in mode or
position of access which might cause large variations in proton fluxes
are not significant in electron observations. For instance, Van Allen
[8] reports transit times for electrons travelling from interplanetary
space to inside the magnetotail of <100 seconds, which were interpreted
by Van Allen as indicating that electrons can gain direct access to the
geomagnetic tail. As a result of the high velocities and rapid access,
the electron flux over the polar caps is relatively homogeneous above the
electron poiar cap boundary (see figures V-1 and V-2, also Vampola [27]

and West and Vampola [41]). The relative uniformity of the electron flux
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inside the'boundary makes the specification of the location of this
boundary rather unambiguous. We therefore interpret the data presented
in figure V-3 as a definition of the region of the poiar cap which is
associated with open field lines in the geomagnetic tail. Whereas Vam-
pola [27] has reported 25 obsérvations of this boundary which he has ex-
trapolated to geomagnetically quiet conditions (indicated on figure V-3),
the 333 boundary observations made with 0G0-4 during magnetically quiet
periods constitute a much more comprehensive mapping of the open field

Tine region than has previously been possible.

For the purpose of clarifying the proton observations, it is clear
that the region defined as the high polar latitude (HPL) region in
Section V is associated with the geomagnetic fiela lines which constitute
the geomagnetic tail. Likewise, the low polar latitude (LPL) region is‘
associated with closed geomagnetic field lines, which never extend far
from the earth (< 30 Rﬁ)' In order to avoid the complications associated
with any transition region, data associated with high polar latitudes
have been col]écted at invariant latitudes well above the boundary in-
dicated oh figure'V—B. Low polar latitude data similarly avoid the region
close to the boundary of open field lines. As shown by figure V-18, per-
sistent proton featdres can be identified consistently with the region
of open field lines. With this in mind, we turn now to the proton obser-

vations.
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Access of 1.2-40 MeV Protons

While electrons are able to define the edge of the open field line
region with some precision, the much lower velocities and higher rigid-
ities of the 1.2-40 MeV protons make them more sensitive to the effects
of interplanetary gradients and anisotropies, different access modes and
access window positions. Consequently, they can be used as “probes" to

investigate the characteristics of the access windows.

Prior to the report of preliminary results from this experiment for
the 2 November 1967 event [11], some evidence of polar cap features was
availabje.[lz-zo],_but the observations were too sparse to lead to com-

prehensive analysis. Although since the report of the persistent feature
| observed during the 2 November 1967 event several observations of persis-
tent features have been reported [21-26], the conclusions drawn from these
observations still suffer from a paucity of data: only Bostrom [21] and
Morfill and Quenby [26] have reported observations from more than one

event (twd events in both cases).

A summary of all of the proton events observed to date in the 0G0-4
data is presented in figure VII-1. As indicated in this figure, there is
a strong correlation between the pole in which a persistent feature was
observed oh 0G0-4 and the interplanetary sector structure. With notable
exceptions, the persistent features were observed in the north pole during
negative sectors and in the south pole during positive sectors. This
corré]ation is consistent with other reported studies in which the inter-

planetary sector structure has been considered [13,24-26,91-93 (the
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Figure VII-1

Summary of 0G0-4 observations of solar events. The information indicated

on this figure is as follows:
1. Each event is identified by date.

2. The phase of the flare during which a persistent feature was observed
is indicated: | . |
 /"= dbservatibn during the rise of flare
\ = opservation during the decay of flare

E_-= EDPvevent observation

3. The pole invwhich‘the persistent feature:was observed is indicated
(__"7.) and compared to the interplanetary magnetic field sector
(T

4. The durat1on (in hours) of the feature is indicated. In 75% of these

observat1ons the actual durat1on of the event was not measurab]e due

to incomplete data coverage.

. 5. The history of the north/south component of the solar magnetic field

is represented by a‘vertica1 sequence of "a"s (northward component)
and "v'"s (southward component). Each symbb] rebresents the average
senée of this component during one hour [94]; the lowest symbol
indicates the status of this component at the beginning of the

observations.
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Figure VII-1 (continued)

Those events during which an enhancement was observed at high polar

Tatitudes are indicated (*).

For each polar pass of the indicated pole during the event, the ratio
of the LPL V;V; rate to the HPL V,Vj rate was calculated. The maxi-
mum of these ratios is plotted as the "maximum relative 'depth' of

the feature."
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last three do not involve satellite proton polan cap observations)]. In
accordance with this correlation and for the sake of clarity, tne following
terms will now be introduced: &-po]e and g-pole. These terms have been
carefu11y'$e1ected in an attempt to avoid any terms which might connote
any feature of any model. The cornespondence between the north and south
geomagnetic poles and the a-pole and 8-pole is dependent upon the inter-
planetary sector and is given in table VII-1. With this definition, the
field lines in the geomagnetic tail associated with the o-pole are usually
more nearly antiparallel to the 1ntern1anetary magnetic field lines than
those field lines in the geomagnetic tail associated with the g-pole. We
can now restate the sector correlation noted above as: "With notable ex-
ceptions, the nersistent features were observed in the g-pole." The per-
sistent flare event features were conre]ated with the interplanetary sec-
tor structure in this manner 91% of the time, while they appeared to be
completely uncorrelated with the north-south component of the interplane-
tary field. The interplanetary field had a southward component only .54%
of the time, and figure VII-1 shows that during several events this compo-

nent changed direction several times with no notable effects.

The data in table VII-2 tend to strengthen the correlation between
the interplanetary sector structure and the observations of persistent
features considerably. This table 1lists all of the instances when a sec-
tor reversal was observed in interplanetary space [94] while a persistent
polar cap feature was being observed. Within the constraints imposed by
the inherent time resolution of the observations and the frequent gaps in

the data, the following is implied by these data: persistent features
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TABLE VII-]

Correspondence Between «-pole/g-pole
North/South Geomagnetic Poles

| North ~ South
! - Pole Pole
Positive
Interplanetary a~-pole g-pole
Sector '
Negative .
Interplanetary g-pole a=-pole

Sector
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TABLE VII-2

Time Correlation of Sector Reversals [94] with Persistent Features

Date Last Feature Obs. Sector 1st Pass after Figure
: , Reversal SR in Same HPL Showing
Hours WiV3 Wniv. Hours - W;V3 Profile
Before (cts/sec) Time after (cts/
SR LPL HPL (HHMM) SR sec)
11 Aug 67 0.2 28.  40. 1600 1.5 26.
28 0ct 67 0.6 0.8 0.4 1200 1.0 0.55
3 Nov 67 1.3 89. 28. 1300 1.8 45. E-3
10 Nov 67 0.9 3.4 2.2 2300 4.0 2.8 E-4
10 Feb 68 3.9  2.45 1.09 0500 0.9 2.3 E-10
10 Feb 68 1.4 4.3 11.6 1300 0.3 3.3
12 Feb 68 1.9  0.94 0.65 1100 0.6 1.85 E-11
10 Jun 68 1.2 525. 398. 1230 0.3 501.
10 Jul 68 0.8 141. 252, 0300 0.8 112.
2Sep 68 0.6 3.84 1.26 1200 1.0  3.02
28 Sep 68 0.8 67.  57. 0800 ° 0.8 75.
28 Sep 68 0.6 162, 119 2000 1.0 163.
30 Sep 68 1.2 350.  305. 2100 0.3 376.
30 Sep 68 1.2 285. 213, 1400 0.4 282,
30 Sep 68 0.8 390. 253. 1600 0.8 385,
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observed prior to a reversal in the interplanetary magnetic field are
not present in the data within 0(1 hour) after the reversal. Additionally,
there appears to be no distinction in this regard between persistent HPL

depressions and persistent HPL enhancements.

This strong correlation between the interplanetary sector and the
persistent features, embodied in the o-pole/B-pole terminology, can now
be used to help organize and interpret additional aspects of the proton

observations.

EDP Events

The observations of EDP events are of particular interest because
these events can be associated with an interplanetary region of limited
spatial extent which is propagating radially -away from the sun (and thus
down the length of the geomagnetic tail) at a reasonably constant and
well defined velocity: that of the solar wind. Aé a consequence, time
de]ayé between the appearance of the event in different polar cap regions
must be directly related to the time required for the region of enhanced
flux in interplanetary space to propagate from one access window to the

next.

A total of eleven EDP events and possible EDP events have been ob-
sérved with this experihent. These are tabulated in table VII-3, which
fnc]udes an indication of some of the factors leading to the identification
of each event as an EDP event. In every case the event was observed first

at low polar latitudes, which recent work [26,95] involving the



1
19
10
15
15

1

2
17
30
30
27

1

~Date

Aug

Aug
Nov
Nov
Nov
Dec
Dec
Dec
Dec
Dec

Aug

67

67
67
67
67
67
67
67
67
67
68

Oct 68

Univ.
‘Time

of LPL

Peak
(HHMM)

0400
0548
2145
0400
0830
2130
1300
0600
1135
1420
1515
0130

Average delays:
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TABLE VII-3

0G0-4 Observations of EDP Events

Delay (hrs. UT)

AYert:

characteristics of EDP events (e.g. only observed at low energies,

SC/SI

between LPL Neutron within
Peak and: Monitor 4 hrs.
a~HPL B-HPL Indi- of LPL
Peak Peak cation?? Peak?
0.0 2.0 FD YES
1.2 13.9¢ WD YES
1.1 -4 NO NO
---€ 6.0 NO NO
---e 5.1 N NO
1.2 7.0 WD NO
1.3¢ 3.8¢ NO NO
0.0 21.2 NO NO
1.4 5.9 FD YES
2.2 ---¢ FD YES
0.4 1.3 NO NO
---¢ 5.0 FD YES
1.4:0.4 6.9+3.3

a. FD = Forbush Decrease; WD = weak depression
b. All events in this table exhibit most of the phenomenological

Unam- Figure
biguous Showing
Ident. Profile
as EDP
Event??

NOP A-1

YES A2

YES A-4

YES

NO
YES A-5
YES A-6
NO

YES A-7

YES A-7

NO

YES

rapid variations in counting rate, short duration), but those indi-

cated by "NO" in this column have some facet which is not completely
consistent with EDP observations (Cf. discussion in Appendix A con-.
cerning the 11 August 1967 event).

c. Observation is uncertain or impossible due to a data gap.
d. Sector reversal occurs before g-HPL EDP peak would be expected.

e.

Observation impossible due to orbit which did not penetrate to HPL.
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calculation of proton trajectories in a model magnetosphere has indicated
corresponds to an access window in the vicinity of the earth (within,abdut
20 RQ).
was observed at a-high polar latitudes. After a much longer time delay

After a short delay, which averaged 1.4 + 0.4 hours, the event

(6.9 + 3.3 hours) the event was observed at B-high polar latitudes. The
following conclusions can be made and are illustrated in figure VII-2 (an
average solar wind velocity of 400 km/sec is assumed in calculating the

access window "positions"):

1. THE ACCESS WINDOW FOR 1.2-40 MeV PROTONS OBSERVED

AT a-HIGH POLAR LATITUDES IS SOMEWHAT FURTHER FROM THE SUN

THAN THE ACCESS WINDOW FOR THOSE PROTONS OBSERVED AT LOW

POLAR LATITUDES. (a-high polar latitude access window is located

approximately 320 + 90 Ry behind the earth.)

2. THE ACCESS WINDOW FOR 1.2-40 MeV PROTONS OBSERVED
AT B-HIGH POLAR LATITUDES IS SIGNIFICANTLY FURTHER FROM ¢
THE SUN THAN THE ACCESS WINDOW FOR THOSE PROTONS OBSERVED
AT LOW POLAR LATITUDES. (B-high polar latitude access window
is Tocated approximately 1560 + 750 RQ behind the earth.)

Examples of these EDP observations are given in figures A-1, A-2, A-4

through A-7, and V-4.

In addition to the Tocation of the access windows, estimates of the
extent of the windows can also be inferred from these data. Although in

general the polar cap flux is related to the interplanetary flux by a
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Figure VII-2

Schematié fepresentation of the configuration of the magnetospheric
aécess windows for 1.2-40 MeV protons. This configuration is referred
to as the Lap configuration in the text. This diagram is intended to
be completely model-independent; magnetic fields are not indicated, nor

are details concerning the method by which protons gain access.
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convolution integral, all that is needed at this point is an estimate.

For this purpose, the "width" of the feature, AT, as shown on a profile,
may be related to the spatial extent of the feature in interplanetary
space, Lip’ and the spatial extent of the access window, Lys by the approx-
imation

L

.+ L

ip w,reg . a1 (7.1)
st reg

where V¢ 1s the solar wind velocity, and "reg" represents one of “LPL",

"o-HPL", or "g-HPL". Using ~1 hr. as a typical value for Ly (indicated

by the data presented by McCracken, et al.[66] and Anderson [47]), the

0G0-4 EDP observations give the following estimates for the extent of the

access windows:

L ~ 50 R

LPL ®

~ 110 R (7.2)

L u-HPL 8

LB-HPL ~ 140 RQ

These numbers are very rough estimates due to the sparcity of well defined
data and the assumptions made above, but the ratio between any two of

these values can be considered accurate to within a factor of 2.

Questions relating to the details of the magnetic field configuration
in the vicinity of the access windows and the method by which this access
is achieved will be discussed below, after considering the extent to which
the solér flare event observations support the Log access window config-

uration illustrated in figure VII-2.
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Flare FEvents

The interpretation of the EDP event observations was aided in no
small degree by the avaflabi]ity of several events for which the data
coverage was virtually continuous and almost uninterrupted. Because of
the much Tonger duration of solar flare partic]e events, conclusions drawn
from observations of flare eyents are, in contrast, subject to the fol-
Towing two limitations: (1) the time-sharing nature of the 0G0-4 tele-
hetry made it virtually impossible to 6bta1n a profile of a complete
flare event (see Section III), and (2) the interplanetary cqnfiguration
of proton fluxes during solar flare events is highly dependent on non-
uniform interplanetary parameters and parameters related to the parent
flare. The first point implies that several flare events must be ob-
served to construct a comprehensive picture of particle access. The
second point, on the other hand, implies that this is a limitation not
confined to data from 0GO-4. Indeed, any conclusions drawn from obser-
vations of a single flare event are subject to the Timitation that only
one set of sd]af flare and 1nterp1anetary parameters are represented. As
the basis for the conclusions presented here, though, more than twenty-
five solar flare events were investigated, representing a wide range of

these parameters; these observations are summarized in_tab1e A-1.

Although interpretations of the proton flare event observations are
complicated by the effects of interplanetary propagation, at least four
aspects of these observations imply an Lag configuration for the access

regions:
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1. Flare onsets conSistent]y occur later at g-high polar
latitudes than at either low. polar latitudes or a-high polar lat-
itudes. The 2 Novehber 1967 event (figures V-7 and A-3) is a par-
ticularly good example of this: there are two g-pole observations
after the beginning of the flare 15 seen at LPL, showing a flux com-
parable to the pre-event flux at g-HPL. The 13 July 1968 event,
shown in figure A-12, is another example of this delayed onset

phenomenon.

2. Flare onsets are sometimes observed to occur later at
o-HPL than at LPL. Once again, the 2 November 1967 event (figures

V-7 and A-3) is a good example of this type of observation.

3. The "shape" of the g-HPL profile relative to the LPL
profile consistently exhibits the characteristics expected in obser-
vations taken further from the sun: in all cases the g-HPL peak (a)
is broader, (b) represents a-smaller maximum flux, and (c) occurs at
a later time. The 13 July 1968 event (figure A-12) is a perfect ex-
Aamp]e of this phenomenon. Note that the g-HPL peak is clearly broader,
lower, and later that the LPL peak. Other complete examples are
scarce due to the data acquisition problem, but fhe 1 February 1968

event (figure A-8) is notable.

4. Occasionally the peak g-HPL flux is greéter than the LPL
flux measured at the same time. This results in the persistent feature
being an enhancement, norma]iy during the decay phase of the event.

The 1 February 1968 (figure A-8) and 13 July 1968 (figure A-12) events
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are gfaphic examples of this type of observation, but the 13 May
1968 event (figure A-11) is particularly notable: a significant

8-HPL enhancement lasting for more than forty hours. An access
window configuration of the Log type discussed above would mean

that a 8-HPL enhancement should be observed whenever the inter-

planetary flux gradient is positive and large enough:

14dd . 5, 1073 %/R, for a V,V3 rate of ~10 cts/sec.
J & 0

The consistency with which all four of these phenomena are observed is
strong evidence for the existence of the Lag access window configuration

illustrated in figure VII-2.

Thus, the 0GO-4 proton observations consistently imply that the’
1.2-40 MeV proton access windows are often related in the manner illustra-
ted in figure VII-2, which we are referring to as the LaB configuration.
This configuration and other aspects of these data are quite relevant to
the problem of placing constraints on the poséib]e configurations of the

distant geomagnetic tail.

Models of the Digtant Geomagnetic Field Configuration

.As mentioned above, one of'the important and currently unresolved |
questions concerning the geomagnetic field is the degree to which the solar
and terrestrial magnetic fields merge. Although charged particle obser-
vations cannot answer this question directly, a great deal of insight can
be gained by analyzing the implications of such observations in the context

of possible configurations of the geomagnetic field. Several such
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cOnfigufations can be postulated, of course, but we will deal here with
three fuhdamenta11y different models: a‘closed configuration (i.e., no
merging), referred to as model A, an open configuration involving merging
near the sub-solar point on the front of the magnetosphere (model B), and
an open cohfiguration involving merging at the po]ar‘neutral points (model
C). Each of these models will be dealt with in turn: after a brief descrip-
tion of the major facets of a model, some of the consequences with respect
to charged particle observations in the.polar caps will be investigated.
Following the discussion of the model, the pertinent OGO-4 data will be
compared to these predictions. The results of this comparison between

the model predictions and the 0G0-4 results are listed in table VII-4.

In this table, the predictions which are not attributable to one or more
of the proponents of a given model and are thus the responsibility of

this paper are indicated by italics; these extrapolations will be dis-

cussed below.

Closed Magnetospheric Configuration -- MODEL A

In the absence of merging, there will be no direct link between the
geomagnetic field and the interplanetary magnetic field. Michel and
Dessler have dealt with this piéture extensively [3,10,96-100]. The
most striking characteristic of this model is a very long tail, extending
as far a; an astronomical unit or more behind the earth [3]. As one moves
away from the earth along the tail, the tail is pictured as being gradually
f]attened‘by the anisotropic pressure of the interplanetary magnetic field

looping over the tail. It is postulated that somewhere between 1.1 and
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1.5 AU the tail has become so drastically flattened (~103 RQ wide by
10 Rw thick at about 10% RQ behind the earth) that the field becomes
filamentary [10]. It is questionable, however, whether such a degree of

flattening is supportable [101];

The primary mode of accéss’for charged particles is by diffusion
through the sides of the tail [10,97-99]. Michel and Dessler also pos-
tulate that charged particles may be ab]e.to rapidly gain access to the
geomagneticvfield in the filaments (i.e., beyond 1.1-1.5 AU) [10]. Michel
and Dessler further point out that such a mechanism'wi11 probably be more
effective for one pole than the other, depending on the orientation of the
interp]anetéry field near the pertinenf filaments in such a way that par-
ticles should be able to enter the filaments of the o-tail (defined in
terms of the sector at 1.1-1.5 AU) more readily than those of the g-tail.
This could lead to north/south differences in the fluxes observed at high
polaf latitudes, which would be correlated with the configuration of the
interplanetary field at 1.1<1.5 AU (c7. Al and A3 in tab]e'VII-4).‘;The
north/south component of the field does'not appear.tOAbe pertinent to these
access mechanisms (cf. A2). Although these mechanfsms appear to be inde-
pendent of the presence of interplanetary anisotropies (cf. A8, A9 and Al10),
it would seem that interp]anetéry flux gradients between 1 AU (LPL access
window) and 1.1-1.5 AU could result in the observation of persistent features

in the polar caps (cf. A7).

It is instructive to cast these access mechanisms in the framework of

access windows. Both poles are said to have a window for slow, diffusive
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access extending from 21 AU tb $1.1-1.5 AU, in which the rate of access
is postu]ated}to be independent of the orientation of the interplanetary
field, and hence the same in both windows. Beyond these access windows,
in the filamentary portion of the tail (cf. Al1), is.the rapid access
window, which is.postu1ated to be effective only for the a-pole. This
access window configuration implies that the g-HPL flux can never exceed
the o-HPL flux, since any flux gaining access to the g-tail would gain
access to the a-tail at the same rate through the diffusive windows (Cf.
A6). The predictions of this model with respect to the observation of
EDP events also follow from this picture of the access windows. The EDP
peak would, of course, be observed at LPL coincident with the arrival at
1 AU of the interplanetary region of enhancéd flux. After a delay of
10-50 hours (approximate solar wind propagation time for 0.1-0.5 AU), '

a peak would be observed at o-HPL. If the diffusion rate in the dif-
fusive access windows were sufficiently rapid, an additional a-HPL EDP
peak might be observed, coincident with a g-HPL peak and before the o-HPL
peak due to access through the rapid access window. Whether or not the
diffusion rate is rapid, however, it is clear that in either case the EDP
observations would be phenomenologically quite different than those ob-

served with 0G0-4 (Cf. A4 and A5).

As indicated in table VII-4 these predictions are inconsistent with
the 0G0-4 data. With the severe constraints which these data b]ace on this
model, it is questionable whether it can remain supportable in its present
form. This does not 1hp1y. however, than no other closed magnetoépheric

configuration could be developed which would meet these constraints.
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Magnetic Merging at the Sub-solar Point -- MODEL B

In contrast to the situation in model A, significant merging between
the geomagnetic field and the interplanetary magnetic field will result
in a configuration in which the high polar latitude regions are directly
connected to interplanetary space. In 1961, Dungey [2] pointed out that
in the brésénce of a southward component in the interplanetary magnetic
field there might be two magnetfc neutral pdints in the geomagnetic-
interplanetary magnetic field system: one on the solar side of the mag-
netosphere, perhaps near the sub-solar point oh the magnetopause, ahd the
other behind the earth. As he and otherénhave pointed out [102-107], if
conditions at the neutra]Apoints were such as to allow maghetic field
merging, then a configurétion could be postulated wheréin geomagnetic field
lines merge with interplanetary field lines on the solar side of the mag-
netosphere, are pulled back across the polar cabs as the solar field con-
tinues to propagate with the solar wind, and eventually reconnect at the
anti-solar neutral point, after which the lines migrate back around the
polar caps to the front of the magnetosphere again. Since the length of
the tail in this configuration would be the product of the "age" of the
tail (average time from merging at the neutral point on the solar side of
the magnetopause to reconnéction at the anti-solar neutral point) and the
average propagation velocity, near the magnetopause, of the plasma in which
the interplanetary field line is imbedded, the north and south geomagnetic
tails would necessarily be the same length. Although both are the same
length, as Dungey [106], Reid and Sauer [13], Van Allen, et al. [25], and

others have pointed out, one tail may be connected to portions of the
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interplanetary field which are solar-directed, while the other is con-
nected to an anti-solar-directed field. This efféct depends on the orien-
tation of the solar field in the ecliptic plane (e.g. the sector of the
solar field) near the earth (cf..Bl1 and B3 in table VII-4), and the entire
process is dependent on the presence of a southward component in the solar

field (cf. B2).

The access mechanism for low rigidity particTes in this model is
rather simple: the direct connection between the polar cap magnetic field
and the interp]anetary magnetic field allows ihterplanetary fluxes to gain
access to the polar cap regions directly, although the trajectories in-
volved may be non-adiabatic. Reid and Sauer [13], Van Allen, et al. [25],
and‘others [24,26,108] have pointed out that interplanetary anisotropies
may contribute to features observed in the polar cap regions (cr. B8),
especially if adiabatic motion is invoked to imply that the only particles
seen at d-HPL‘wil1 be those having interplanetary pitch angle within a few
degrees of zero, while the only particles seen at B-HPL will be those having
interplanetary pitch angles within a few degrees of 180°. The validity of

this assumption is discussed below and in Appendix B.

Several 6onsequences for polar cap charged particle observations can
be extrapolated from this model; most of these are consequences of the im-
plied access window configuration: both HPL access windows located the same
distance (the most recent estimates being a few hundred earth radii [25])
behind the LPL access window, which is, again, within 220 Rg of the earth

(cf. B11).. Although interplanetary flux gradients could not, of course,
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cause north/sbuth asymmetries, they might cause persistent features if

1 dJ
1arge enough [ Jfaﬁ

2 3 x 1072 %/RQ] to cause discernible differences
between the LPL flux and the HPL f]hx (Cf. B7). Clearly, then, with that
one possib]é exception, persisient features and north/south asymmetries
woqu not be expected extept ih the presence of interplanetary anisotro-
pies (Cf..BQ and B10). Also, if the 1nterp1anetary énisotropy were solar-
directed, one would expect to observe a larger flux at g-HPL than at
a-HPL (cf. B6). This access window configuration also imp]igs that dur-
ing EDP events both HPL peaks would be observéd at the same time: on the

order of an hour after the LPL peak (¢f. B4 and B5).

The,disappearanée of persistent features may or may not be correlated
to sector reversals, depending on the effect a given reversal has on the
magnitude 6f the interplanetary anisotropy. If the anisotropy disappears
coincident with the sector reversal, then so also will the persistent fea-
ture. If the ahisotropy is unaffected by the sector reversal, then the
feature should be seen to change from one pole to the other, staying in the

g-pole (or a-pole) (cf. B3).

The extent to which the 0G0-4 data agree with these predictions is
i]]ustratéd in table VII-4. The net result of the observations is the im-
plication that although interplanetary anisotropies may contribute to the
features observed at the polar caps, other causes are clearly important as
well. In particular, the EDP event observations are somewhat difficult to
interpret in the context of an open field configuration in which the north

and south HPL'access windows are the ‘same distance'f¥om the earth.
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Magnetic Merging at the Polar Neutral Points -- MODEL C .

Frank has recently'prdposed a new variation of the open geomagnetic.
field configuration in connection with his studies of the relationship
among,the polar cusp region, the neutral sheet region, and auroras [4,109;
110]. Although this model was originally intended to explain other phen-
omené, its re1evance to the problem Qf particle access into the magneto-
sphere.is unique? it is an oben configuration in which widely separated
access windows might be a natural consequence. It is important, therefore,
to investigate what constréints must be placed on thé mode] to yield the
sector-dependent Log access window configuration_prior to discussing the
 consequentesipf the mode1 with respect to charged particle access. First,

though, a brief description of the model is necessary. .

A1l merging which takes place between the geomagnetic field and the
interplanetary field is assumed to take place only at the polar neuira]
points (see figures VI-3 and VII-3). After a geomagnetic line of force
merges with an interplanetary line of force, the foot of the line of force
is pulled back along the boundary of the high polar Tatitude region: The
intersectidn_of the line of force and the magnetopause travels along an ex-
tension of the polar "cusp" region along the flank of the magnetosphere
-~ until the neutral sheet region is rea;hed. At this point one of two things
occurs, depending on the pre-merging configuration of the geomagnetic field

T1ine:

A. The_geomagnetic field line was originally a closed field

line. The other end of the original line, which connects to the other
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Figure VII-3

Schematic representation of the "history" of an open geomagnetic field
line which merges with an interplanetary magnetic field line at the
northern polar neutral point. The geomagnetic 1ine of force merges at
the neutral point (a), is pulled back along the cusp region (b) and

into the neutral sheet region (c). The line eventually begins to migrate
across the polar cap (d), until it once again passes near the polar

neutral point (e).
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pole, has been following a similar path along the "cusp" region in

the other hemisphere; In the neutral sheet the lines again merge, re-

connecting the two ends of the original interplanetary field line. The
reconnected geomagnetic field line is eventually convected back to the

front of the magnetosphere to undergo the process again.

B. The geomagnetic field line was originally an open field

" Tline. The other end. of the original geomagnetic field line is no
lTonger connected to the earth, and consequently appears to play no
further part in the process of particIe access. The line of force con-
nected to the earth eventually begins to migrate across the tail until
if is bassing near the neutral point again, at which time the pro-
cess can start again. The migrqtion takes place to replénish open

| field lines which are being removed from the neutral point by the

merging process (see figure_VII-B).

’

Since only the open field lines are involved in the definition of access
into the high polar latitude regions, we will confine our attention to the

second process.

Since the interplanetary lines of force continue to_be convected away
from the earfh by the solar wind, the length of the geomagnetic tail would
be proportional to its "gge": i.e., the time required for a Tine to complete
an entire cycle, from merging to merging.again. This time, in turn, is in
some sense inverselykproportional to'the rate at which open field lines
merge at the neutral point. It is immediately obvious, of course, that if

the open field line merging rate were different at the two neutral points,
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then the north and south geomagnetic tails would be of different lengths.
There is, therefore, a mechanism whereby an Log configuration could be
established. It remains, however, fo investigate whét conditions must be
met to achieve the configuration of figure VIIf2, which the 0G0-4 data have
established. There are at least three features which are pertinent in this

regard:

(1) the relative locations of the access windows,
(2) the extent of the access windows, and
(3) the time correlation between the disappearance of persistent

features and sector reversals in the interplanetary field.

(1). The'observationa].evidence which was discussed in relation to
the Las access window configuration illustrated in figure VII-2 indicates
that the position of the 8-HPL access window can be between 3 and 10 times
as far behind the"earfh as the a-HPL aécess window. For this to occur,
the rate at which open field 1lines merge at the o-polar neutral point must
be 3-10 times the rate at the g-polar neutral point.> The theoretical in-
vestiéation of this point is rather complex and is considered in detail
in Appendix C, One of the major difficulties encountered in trying to
deal with magnetic merging in this configuration is the applicability of
earlier studies, all of which have concentrated on a configuration 1ike
that shown in figure VIJ4: two exactly antiparallel fields considered in
a plane parallel to the fields and perpendicular to the interface between
them. Thé work of Sweet [84], Petséhek [86], Sonnerup [87], and Yeh and
Axford [88], discussed above, can be generalized to treat two non-

antiparallel fields by the superposition of a constant field perpendicular
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to the plane in which they analyze the antiparallel field configuration
and by making the suitable minor readjustments of thgir results (see
(6.1) and (6.2)). The configuration of the fields at the geomagnetic
neutral points, however, involves, as shown in figure C-2, the interac-
tion betwéen a region where the fie1d is homogeneous and a region where
the orientation of the field is a strong function of position. Assump-
tions must consequently be made concerning the merging 1ikelihood for
two fields as a function of the angle between them in the presence of
fields at all such angles. The implications of three such assumptions,

chosen as representative of a wide range of possible assumptions, are

investigated in Appendix C.

The main conclusions to be drawn from the results of Appendix C are
that (a) such differences in polar merging rates are well within the limits
of reasonable parameters if certain assumptions are made concerningvthe
angular dependence of the merging rate, and (b) if the sector is redefined
in terms of the earth-sun line and the interplanetary field direction near
the polar neutral point instead of the average spiral angle and the field

direction far from the earth, the correct sector correlation follows.

That the critical interplanetary field configuration is that of the
portion of the field near the polar neutral points complicates matters con-
siderably. It is not clear how this configuration depends in detail on the
field configuration in interplanetary space and on the solar wind parameters
[cf. 111,112]. Nor is it clear that for a given set 6f interplanetary

parameters the interplanetary field will make the same angle with the



138 .

earth-sun line at one neutral point as it does at the other. Until this
question is resolved, it will not be pqssib]e to determine whether there
is an exact, detailed correlation between the access window positions

inferred from the data and those inferred from this model.

(2). The size of the HPL access windows relative to their positions
places constraints on the way in which the géomagnetic field lines mi-
grate from the neutral point to the nuetral sheet region and back to the
neutral point. Figure VIIQ4.shows a tentative migration pattern, wherein
the paths followed by the feet of the open lines of force are Shown pro-
jected into an invariant latitude-magnetic local time coordinant System.
After merging at the neutré] point a line is pulled down the cusp region
(paths A), into the neutral sheet regfon (paths B), and finally migrates
back to the neutral point (one of paths C). As soon as the foot of a
line of fofce enters the central region of the polar cap (C), thé inter-
section of that line with the magnetopause becomes part of the HPL access
window for that pole. It remains part of the access region until the
magnetopause intersection is no longer connected to the polar region
(i.e., until the line merges again at the neutral point). The length of
the.access‘window (measured para]]ei to the axis of the tail) is there-
fore proportional to the time required for the lines to migrate from the

neutral sheet region (B) across the polar cap (C) to the neutral point.

The data presented in Section V indicate the parameters given in
(7.2) as "typical" for the LaB access window configuratioh. In contrast
to the case for the positions of the access windows, the length of the

windows does not seem to depend heavily on the interplanetary sector. This
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Figure VII-4

Tentative sketch of the migration pattern for polar geomagnetic
field lines in Frank's magnetospheric model (model C). Examples
of the "paths" followed by the feet of the polar field lines are

projected into a A-MLT coordinate system.
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would 1mp1y that the time spent by a line migrating across region C would
need to be more or less independent of the total migration time for a
complete cycle. This is a clear constraint which the experimental data

place on this configuration.

(3). 'fhe data shown invtable VII-2 indicate that.persistent g-HPL
features diéappear within about one hour after a reversal in the inter-
planetary sector. This means that within 6ne hour after a sector reversal
from, for instance, negative to positive the northerh high polar latitude
access region has changed from a g-HPL configuration to an a-HPL config-
uration. This establishes a lower 1ihit for the merging rate at the
a-po1ar,neutra1 point: it musf be at‘1east as large as that necessary for
almost every high_po]arl1atitude field line to have merged with the inter-
planetary field at Teast once in less than oné hour; i.e., an open field
merging rate not less than ~1.3 x 105 yG-RZ/hr.

This rate is not 1nconsistent with the following estimate for the
maximum rate at which éhe interplanetary magnetic field impinges on the
polar neutral points. If all of the ~60 uG interplanetary magnetic field
which impinges on the front.of the magnetosphere is thought of as being
swept up past the neutral point by the 225 Ra/hr (400 km/sec) solar wind,
then the "rate" at which the interplanetary field would impinge on each

neutral point would be ~1.4 x 10° uG-R@/hr.

These rates are also consistent with at least two of the theoretical
‘maximum merging rates discussed in Section VI: those predicted by Sonnerup

[87] and by Yeh and Axford [88]. The consistency with the latter predic-
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tion is self-evident, since they predict that there will be no upper limit
on the merging raté. In order to check the consistency of these merging
rates with the prediction of Sonnerup, given by (6.2), we must estimate
the solar wind conditions near the polar neutral points. According‘to

Spreiter, et al. [111],

an[sz ~ 0.7

and

/ 1.8

v
®np’ Psw

Also, according to Alksne [113],

B, /B 4

N,
np’ “sw.
This means that

v 3

A,np/VA,sw "

and the Alfvénic Mach number of the solar wind plasma near the polar

neutral pdint is therefore

v /v
(MA)np N (MA)swV . 7VSW

A,np’ "A,sw

~ 1.9

Thus the idea of the interplanetary magnetic field merging as fast as it

impinges on the neutral point is not inconsistent with (6.2), which specifies

\ 5-2;4
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Assuming these constraints to be satisfied, the degree to which the
0G0-4 data agree with the resultant predictions of this model is indicated
in table VII-4, although the g priori éssumption that the constraints dis-
cussed aboveiwere satisfied was begging the question somewhat. It is inter-
esting that this model is the only type discussed here which even quali-
tatively provides a méchanism for generating an Lop access window config-
uration. Although the data presented here cannot provide a conclusive
test of the validity of the model in its present form, they do provide
three major constraints within which more refined versions of the model

will have to be developed.

Interplanetary Anisotropies

'Although not directly supportable from the 0G0-4 data due to a lack
of interplanetary measukements, it is certainly not unreasonable to suppose
that intérp]anetary anisotropies may have some affect on polar cap obser-
vations and may contribute to. persistent features (cf. #8 in table VII-4).
The entire role of interplanetary anisotropies in the formation of polar
cap features in an open geomagnetic configuration is not at all as straight-
forward as it may appear at first, however. The assumption of adiabatic
motion in the propagation of particles from interplanetary space to the
polar regions means that the magnetic moment is conserved and that there-
fore the only particles observable at the altitude of 0GO-4 are those with
. interp]anetary pitch angles <1° or 2179°. Since the geomagnetic tail
field and the interplanetary field are almost never parallel, the propa-

gation of particles from interplanetary space to the geomagnetic tail
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will involve the passage through a region where the magnetic field is
changing direction. Since the propagation of particles in the tail be-
tween the transition region (access window) and the polar caps can be
considered adiabatic, only those particles with pifch angles near zero

(or 180°) in the tail will be observed at the altitude of 0G0-4. If the
"curvature" of the magnetic field in the transition region is sufficiently
large compared to thé'gyroradius of the particle, then adiabatic motion

might indeed be expected.

Appendix B treats this problem in some detail, dealing with the con-
figuration of two magnetic fields equal in magnitude separated by a re-
giqn in which the field changes direction with a constant radius of
curvature (¢f. figure B-1). Figure VII-5 shows typical results for the
magnétic fields at an angle of 60°. In this figure, ¢ip is the inter-
planetary pitch angle giving a pitch angle of 0° after traversing the
transition region; ¢ip js shown as a function of «x/p, where p is the
bartic]e's gyroradius and « is the constant radius of curvature of the
field in the transition region. Other values of y give comparable results
(see Appendix B). These results show that, for y=60°, unless «/p 2 50,
the interplanetary pitch angle ultimately being observed at the polar

 caps varies drastically as a function of particle energy and as a func-
tion of the instantaneous interplanetary field configuration. Oné would
not expect, for instance, that 3 MeV protons, which have a gyroradius

of about 9.8 RQ in a 60 uG interplanetary field, with pitch angles <1° in

interplanetary space wdu]d be observgd at the polar caps, except transi-

torily, unless « were greater than about 490 RQ. Since the cross sectional
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Figure VII-5

Interp]ahetary pitch angle (¢ip) givingxa pitch angle of 0° after
paséing through a region in which the magnetic field changes direction
through an.angle v=60°. The direction change is assumed to take place
at a constant radius of curvature, «. The gyro-radius of the particle
in the magnetic field, whosevmagnitude does not change, is represented

by p. See Appendix B for a more detailed explanation of these results.
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radius of the entire tail at about 200 Ry is about 25 Rg, it is hard to
visualize a transition region which is at Yeast 490 R9 wide. These pitch
angle mapping results are, of course, relevant only in the presence of an
interp]anetéry'anisotropy; if tﬁe interplanetary flux is isotropic, it does
not matter which interp1ahetary pitch angles are observed over the polar

caps.

Although direct observational evidence for interplanetary anisotropies
is not available from the 0G0-4 data, there are three pieces of pertinent
indirect evidence indicating the observation of persistent north/south
differences in the absence of interplanetary anisotropies (cf. #10 in

table VII-4):

(a): A number of the flare events observed with 0G0-4 either were associ-
ated with east 1imb optical flares or were possibly associated with
optical flares on the other side of the solar disc. Although inter-
planetary anisotropies have been observed at low proton energies during
some east limb flares, it is suggestive that persistent features (and
hence north/south flux differences) were observed during all flare

event observations made with 0G0-4.

(b): Persistent features are consistently observed during the decay phase _
of flare evehts, whereas anti-solar directed fié]d aligned intér-
planetary anisotropies normally disappear shortly after the peak of
a flare evept, Interplanetary anisotropies observed during the decay
phase of flare events are normally anti-solar directed and solar wind

a]igned; Examples of persistent g-HPL depressions are shown in fig-



(c):

148

ures A-3 and A-9. The B-HPL flux was as much as a factor of 10
below the LPL and o-HPL fluxes during the 8 February 1968 event
(figure A-9).

Several features are observed to pehsist for very long periods,
exceeding 40 hours in at Teast two of the cases shown in Appendix A.
This is a much longer dufation than that expected for large interplan-
etary anisotropies (5-15 hours, depending on the time between onset
and the peak). Figure A-3 shows a persistent feature which lasted for
more than 24 hours. The best example, though is probably that in fig-
ure A-9, showing a very large feature ((V,iV3)p: (VIV;)B-HPL as

large as 25:1) persistinﬁ for at least 31 hours during the decay:

phase of the flare event.



149

VIII. CONCLUSIONS

Observations of polar cap fluxes of low energy solar protons
(1.2-40 MeV) and electrons (0.4-1.0 MeV) made with an experiment on

board the 0G0-4 satellite lead to the following conclusions.

1. Extensive observations of electron polar cap fluxes during
geomagnetically quiet périods have resulted in a comprehensive mapping
of the boundary between open and closed geomagnetic field lines onto
the’bo]af cap. This mapping, shown in figure V-3, is an order of mag-

nitude more comprehensive than previously available.

2. Observations during 54 solar proton events have established
that the presence of persistent features in the polar cap proton flux

is the norm rather than the exception (see table A-1 and figure VII-]).

3. A comparison between the electron polar cap boundary (see con-
clusion #1) and persistent features in the proton polar cap flux indi-
cate that, in general, these features represent different flux levels in
the open field 1ine region (high polar latitudes -- HPL) than in the

closed field line region (low polar latitudes -- LPL).

4. There is a strong correlation between the observation of persis-
tent polar cap features and the sector structure of the interplanetary

magnetic field: in general, persistent features are observed in the south
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pole during a positive sector and in the north pole during a negative
sector. On the basis of this correlation, the term "g-pole" is defined

in such a manner as to refer to the south pole during a positive sector
and in the north pole during a negative sector; in both cases the op-
posite pole is referred to as the a-pole. The 0GO-4 observations reported

here are correlated in this fashion 91% of the time.

5. The observation that persistent features disappear within o(one
hour) of a reversal in the interplanetary sector is also consistent with

this sector correlation.

6. There appears to be Tittle or no correlation between the presence
of persistent features in the proton polar cap flux and the orientation of
the north/south component of the interplanetary magnetic field: during the
observations of persistent features this component was southward only 54%
of the time and changed orientation several times with no noticeable

_ effect.

7. Observations of solar proton events, especially those associated
with co-rotating regions of enhanced flux in interplanetary space, have
been used to establish the Lop access window configuration illustrated in
figure VII-2, in which the LPL access window is near the earth, the a-HPL
access window is a few hundred earth radii behind the earth (in the anti-
solar direction), and the g-HPL access window is located 0(2000 Re) behind
the earth.

8. The widths of the HPL peaks observed on the EDP event profiles
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imply that'the extent of the a-HPL accéss window is about the same as
that of the g-HPL access window. A comparison with the LPL peaks further
implies that neither of the HPL access windows is much larger than the

LPL access window (see figure VII-2).

9. Although direct interplanetary measurements are not available
from the 0G0O-4 data, it is concluded that the following contribute to
peréistent polar cap features (north/south asymmetries):

A. Timited interp]anetary.regions of enhanced flux propa;
gating past the earth,
B. radfal gradients in the interplanetary flux, and

C. anisotropies in the interplanetary flux.

10. The 0GO-4 observations are not consistent with the particle

~access mechanisms proposed by Michel and Dessler [3].

11. The access window configuration deduced from EDP event obser-
vations (conclusion #7) is not consistent with an access window config-
uration in which both HPL access windows are the same distance from the
earth, as would be expected in an open magnetospheric configuration in-

volving magnetic merging near the sub-solar point (Cf. Dungey [2]).

12. 'An Lag access window configuration (conclusion #7) may be a
consequence of an open magnetospheric model involving magnetic merging
~at the polar neutral points (Cf. Frank [4]). To achieve this configuf—
ation, hoWever, it is necessary that the model satisfies at least the

following constraints:
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A. The merging rate for open geomagnetic field lines at one
polar neutral point (a) must be &5 times that at the other polar
neutral point (8). This difference between theiopen field line
merging rates must be related to the orientation of the interplane-
tary magnetic field, as measured far from the neutral point, in.such
a way as to be consistent with the observed cbfre]ation with the
interplanetary sector structure (conclusion #4) and lack of correla-
tion with the north/south component of the interplanetary field

(conclusion #6).

- B. The time requi#ed for open field lines to migrate from
the neutral sheet region across the polar cab to the vicinity of the
neutral point must be about the same in both tails, so as to account

for both HPL access windows being about the same size (conclusion #8).

C.. The rate at which open field Tines merge with the inter-
planetary field at the a-polar neutral point must be at least as
large as that‘required for almost all of the open field lines to have
merged in O(one hour), since B-HPL features disappear within O(one

hour) after a sector reversal (conclusion #5).

In addition to these observational conclusions, the following con-
clusions are implied by the results of the theoretical investigations pre-

sented in Appendices B and C.

Appendix B: The assumption of adiabatic motion for the access of

1.2-40 MeV protons from 1nterp1anetary spéce to the interior of the
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magnetosphere is not a good approximation. If the extent to which an

interplanetary pitch angle distribution maps onto the polar cap region
were to.be determined from appropriate data, figure B-4 would indicate
the constraints thus impoSed on the configuretion of the magnetic field

in the vicinity of the access windows.

Appendix C: The satisfaction of constraint A mentioned above in
conclusion #12 is possible if the proper assumptions are made concerning
angular dependence of the probability that two field 1ines will merge.

This can be seen by comparing figures C-8, C-9 and C-10.

Although the results outlined above are most consistent with a
field configdrdtion involving magnetic merging at the polar neutral
points, the‘euestion of whether there is a significant degree of merg-
ing between the geomagnetic and interplanetary magnetic fields cannot
be unambiguously determined by charged particle measurements. These
observations do, however, provide a suitable platform upon which to

base theoretical investigations of this question.



